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Flux  pinning  experiments  in  irradiated  superconductors  vshich  make  it  possible 
to  independently  vary  the  defect  densitypand  elementary  interaction  force  f 
between  the  defect  and  the  fluxoid  lattice  are  reviewed.  A new  measure  of  flu> 
pinning,  Q,  the  volume  pinr^gg  force  per  defect,  is  introduced  and  is  shown  to 
be  independent  ofp  for  p-^10  m*^.  In  Nb  at  B=.  5 Be,  and  4.  2K  Q-  5x10'^  ^N 

for  Frenkel  defects,  3x10“  ^^f^N  for  cascades,  2x10'^^  for  100  A dislocation 
loops  and  3x10"14n  for  lOOA  voids.  The  Q's  for  voids  and  loops  increase 
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20.  strongly  with  void  or  loop  diameter.  Accurate  estimates  of  f for  voids 

P 

and  <li‘^location  loops  can  be  made  and  plotted  versus  Q.  The  results  for  the  t'V( 
defects  overlap  forming  a single  master  curve  that  can  be  used  as  an  experimen 
tal  solution  to  the  summation  problem.  Reasons  why  current  summation 
models  do  not  reproduce  the  master  curve  are  discussed. 


Ai<JTHACT 


Flux  experiX'Mit:-  in  i rruUint.c J r.ujierccii  luotor:;  wun-ii  nriru.-  i 1. 

possible  to  independently  vary  tlie  del'eet  density  p and  eleim-ntary  intei'action 

force  f between  the  d(;feot  and  tiie  fluxoid  lattice  are  reviewed.  A .new 
P 

measure  of  fi'ux  pinniiu',  Q,  the  volujr.e  pinnin/j  force  jer  defect,  ir  I r.tro  luce  1 

^ “ 3 

and  is  siio'wn  to  be  independent  of  p for  p >•  10  m . In  iib  at  b = . b nc2  anu 

U.2K,  Q = 5>^10  for  I'rei.kel  liefe'Cts,  3x10  ' W for  car.  .;aJ‘:' , ?xl0  " for 

» _]l)  “ 

lOOA  dislocation  loops  and  3x10  II  for  lOOA  voids.  Tiie  Q's  for  voids  and 

loops  increase  stroiifily  w’if.h  void  or  loop  diameter.  Accurate  estimates  of  f^ 

for  voids  and  dislocation  loops  can  he  made  and  pletted  versus  Q,.  'ine  rerolts 

for  the  two  defects  overlap  foi'miip;  a r.inr,i.e  i!;arti.-r  curve  lint  can  b"  u:-ed  as  an 

exfierimental  solution  to  Uie  sunanation  j.iroblem.  Heasonr.  why  cuiTt?nt  sujiLt.atioii 


models  do  not  reproduce  Uie  ma.stcr  curve  ai'o  discussed. 


I.’JTKOnUCTlON 


'Hie  cri*.ii"il  (•uri'Pnt.  (iiviiiity  .1^,  in  typ<>  II  r.upcrrot]  nn"  rr.  i (>y  t raori  i nrir  i 1 y 

i t-  i V'.'  to  t lu'  It'  f't't' t.  it  1. 1’ u< * t 1 j I’f'  tt  T 1. 1 k * rn'it  < *r’  i a 1 . T ht * r • <i i f a t 1 1 i . . n . > i t . v i 

tirin  toon  qun  1 i f.at  i vy>  1 y uniii'rstc'O'l  f'of  at  Icacl-  twolvt'  ycar:t  [ I -a  1 . At  tiii'li  irnr.ti'*' i 

fif.'l  is  trio  f'ieli  pent’i.rat.t.'S  t iio  supt’rforiiiiJi' tor  in  tho  form  of  ;i  ]at,t.ir>*  of  r.iiit  I,. 

_Y  Pv  , 

quant  i'/.ol  current  vortices  (flux  quant.um  = ?x  1 0 (piuss  cm  ).  Vvir'ii  a 'ran;  p'  t* 
current  in  tippl  ied  to  '.ht;  sui'erconductor  a Iiiircntz  force  acts  on  the  vertex 

fluxoi  i lattice  (FLL)  and  in  jierfectly  iujitio^’eneoun  materitils,  this  lerco  w 'u  1 i 

cause  tdie  I'LL  to  move  and  dissipate  enerry'  viscously,  leadinp  t.o  a;ipearance  of  a 
voltaft;e  across  the  current.  It'ad!'..  Tlie  i ntrniliHttion  of  a defect  on  tin*  otiier  hand 
changes  the  free  energy  of  the  f^LL  in  its  vicinity.  To  move  tlie  I'LL  in  a super- 
conductor containing  crystal  liefects  now  requires  that  a critical  vjilue  of  tiie 

IjOrent.z  force  J x B be  exceeded.  This  erif  ictil  value  F v<'  e'll  1 tlie  g.Joba!  eir.- 
c !' 

ning  force  per  unit  voiume  (or  Lens  exactly  ,lust  the  pinning  force). 

To  construct  a quantif.ati  ve  ttieory  of  we  need  to  firsi.  determine  the 

elementary  interaction  force  f.  bet.ween  a single  defect  (pinning  center)  and  'he 

P 

FLi^  and  then  S'im  t.hese  element.-iry  interactions  in  a pro['er  sf.-it  i st  ical  manner  to 
find  the  global  pinning  force  deiniit.y.  This  .summation  tiroblim  has  proveii  to  be 
most  refractory  and  it  is  safe  to  say  t.h-at  there  is  no  gcnei'-il  agreemenf.  in  the 
field  as  to  the  correct,  api'roach.  The  prinoii'al  difficulty  i ;,i  how  to  t;ike  account 
of  the  rigidity  of  the  FLL.  This  r'igidity  logically  must  prevent,  all  pinning 
centers  from  cont.r ibut i ng  t.heir  maximum  value  of  f.he  elementary  interacf.ion  force 
f^  to  the  global  avcr.'ige;  indeed  a perfectly  irngiii  Ff.I.  i nt.. 'ract  j ng  witii  ,a  randomly 

distributed  array  of  [linnitig  cenl.ers  will  have  a zero  global  pinning  force  regard- 

« 

less  of  the  value  of  f.  of  t.hese  centers.  For  any  posit, ion  of  the  rigid  P’IjL  thei'e 


i n t • 


V.' i 1 1 tn*  a:’,  many  »*  WTricrit  a fy  t at  - ‘far  t i i ai  ?u‘tinf’;  in  tli*-  a: 

n.'i'.-it.  i v«'  r')or>i  in.'U  .Iif.--ti.ri  l.-uiinr-;  t.i  i-' .rnp  1 . -I,.  ■ .rif- 1 1 -tt  i . >n  . ('u!y  if  '!i'- 

a 1 t,r>  relax  e I -i  f t i cr,  I 1 •/  |..■twe.■Il  piriniiif;  tileff.  will  Iti--  I"-  n.'!i-.-'-r  . 

‘I'he  e 1 .'Iff  ie  i t.v  .'f  'h"  KI.l.  nuf.t  i><-  expe.'le.i  1..)  play  an  imp'>rl-int  f.  > i e in  .i.'t  .'rn:  i n i nr; 

K . 

P 

Oii(>  I'urt.hef  |■a<•t.()r•  wliieti  e. -mp  1 i ral.i-f.  tin-  prel'lem  of  e< 'rrifa  r i tu'.  ea  1 fu  i -it  i i -nr. 

'I'  K w'itii  the  "le'eaif.-l  value;;  of  1 hi>  .print  ily  fi'r  t ■ '.-hn. ' 1 1 t i i-.-i  1 faip. -re. 'iiiin.' * i 'i-.' , 

P 

f.ueh  a.;  ilt'Ti  or  rJh,f.n,  if.  t ha'  the  met  a 1 1 ur,-:i  .--i ! f.triu-tu'-e  .-.r  f he.-.e  m,a  * e,- i -i  1 i 

iiffienlt.  f.o  a. 'fine  ex-i.-tly.  it  if.  ii!'fi-nl‘  t,,  ,iet  . -rrri  i in-  'wirit  rh'in!',.';-  iie.-it 

t.reat.rient  cause;',  in  the  li  i 1 oc.'i ! i ■ ui  cell  will;;  in  iihTi.  for  example.  I'oe;;  i'  e-ii.;'- 

.1  i 1 oea  t.  Ion  r''.'irraii;';-aii''iit  in  -iii.i  r. -p.ii  1 a r i '.'.a  I i I'n  ol’  t he;;e  wa.ll;;  or  doe;;  it  -ill  w 

;;ep;ref:a  f.  i on  of  int  erf  t i 1 i -i  1 iriunirity  to  these  defeet  It.  i ;;  diffii-ul'  . 

if  not  inpos;;  i I' 1 , to  i n h-p' -n  h -lit  I y elriiif;’-  I h.-  lierr-ity  ol'  pinninp  eeiiters  -in.i 

their-  e 1 eraeiit  ;i  r-y  i ri  t.i-r-.'ie  t i.m  for-ee  in  the;;e  ;-.y 1 orris  even  if  ore-  kn.-w  .-rioueh  ah-iit 

the  in  i e i-of.  t.  r-iie  t.iir.'  t..  e-i  1 .-ii  1 -it  e l'  . i-’or  tiiis  ;-ea;;on  tiio;-.t  .print  it-i'  i ve  --i  t- i -n  ' 

p 

between  flux  pirmirp:  l.h.'or-y  and  expet- i merit  have  relied  on  I'X  :-e  r i m. -n*  s in  rr  ie] 
riiet.a  L 1 lit-,'-;  iea  I f.y  s l.eins. . Thesi-  at-i-  siiper-eoriduc-t  ot-s  , wiiieh  wh  i 1 1-  ui-'t  of  ,.'t-eat 

tei-hno  1 Or',  i ea  1 int.erer.l  , eari  he  itiati  i pii  1 a t ed  in  sir-ii  a -way  i tit  t-.- iue.-  a -eat-'  i.-- 

iilat-  si’(-i-ies  of  dei'eel  '-if  kiu-wti  s i '.-.e  atri  eoin-i'tit  r-'i  t ieti.  ft''-irly  i t-t-'ii  i -i  t e I 

elemeiit.-il  ;-.iip''t-i-oti  hu-l.i't-s  hav-  t,li.'  p.>t-''til  i a 1 t.o  hi-  ft'-'od  rio.l'-l  f y ;;  t etri;-- . 1 ri  -e:ir-- 

tieular  by  c- ha  nr:  i in-;  tdi.'  e. ->11,1  i ' ions  of  i t-r--id  i at  i on  one  e-i;i  eh.-i:it',i'  the 
f.peei'u:  o''  .ii-fi'et  i rit  rodii.-.-d  .-iti.i.'or-  tdi.-  av.-t-a.''-  ;■  i r.e  .'I‘  the  ,iei-eet  . .\‘  ‘ iie  ;;a:;te 

1 iitii-  by  eoni  t-ol  1 i n,''.  the  i t-t-ad  i at  i on  .iosi'  an.i  low  I.-v-l  ii-ipur-ity  eontent  oti'-  can 

eontr-i'l  tin--  iefi-et  d.’tif.il.v.  Meverl  In- 1 i-ss , op.-  taust  In-  on  ,-'uat-l  ar-iit-.f.t  tin-  in- 

t.r-.'diiet  ion  .'f  i i-r.-i.i  i a I i on- lu-o.ln.-i -d  d.-I'e -t  s'  i-uet  tit-e;-.  ot  !n-t-  t h'ln  t h.'f.i'  i ti  t on  !> -.i . 
Thor-'-  is  111'  siihst  i tut  o for-  .iir-oet  oloe't-i'ii  m i e i-os.e.  ;p  i e I't'.-er-vat  ion  .'f  tin-  s.  t r-iiet  ur-e 


- ■!- 


pr-oaucct.  0n.>  ox:impU>  should  sutTice  •tu  ;.rt  object,  lesson.  t-ly  collenrucs  un-i  I 
wn.nted  l,o  inensure  tdio  flux  ritininr  due  to  d i f;iocat.  i on  loo[-r;  produced  by  neutron 
irr.ndintLon  in  an  alloy  system  in  which  we  could  chanp.e  th,'  thermodynamic  criti<-al 
field  11  by  chanpinf:  the  com[>osition  of  the  alloy.  We  chor.e  the  NbMo  system  because 
there  were’  no  lonR  lived  radioaet.ive  decay  products  produced  and  becaus<>  the  pub- 
li.-.hed  Hb-Mo  phar.e  diagram  shows  complete  r.olid  solubility  st)  that  11^_  could  be  de- 
creased continuously  to  zero  by  adding  more  and  more  Mo.  Wlien  we  examined  irra- 
diated samples  in  the  transmission  electron  microscope,  we  found  no  dislocation 
loops  but  rather  a (piasi-periodic  cont.rast.  mo(iulation  along,  certain  crystal  logi  aphi  i' 
dire-ctions.  With  more  work  w('  determined  t,hat  the  Nb-Mi.)  system  undergoes  a spinodal 
'iecompos  i t ion  at  low  tempejcal  urt?s  tii.at  is  accelei'ated  by  fiie  rn'utron  irradiation 
atui  that  one  of  the  peaks  in  as  a function  of  mag.netic  lield  was  due  to  the 
"matching"  of  Fhh  spacing  to  t.he  spacing,  of  the  comiiositi.n  modulat  i cn  [ ^?  ] . Heed- 
less to  say  if  we  hail  not  looked  at  the  (U'fect  structure  ci  1 our  sampler.,  we  miglit. 
still  be  trying  to  concoct  .a  flux  pinning,  mechanism  that  wouJ  d give  us  a "matching," 
peak  fi'om  an  array  of  dir.locat.ion  loops. 

Althougli  there  has  been  much  interest  in  irradiatioti  of  comi'ound  .and  alloy 
r.uf'erconductors  for  t.i'chnologlca  1 reasons,  we  will  confine  this  paper  to  irradiation 
effects  on  the  pinning  in  "dirty"  niobium,  i.e.,  Nb  with  a f’.i  nr.burg-landau  par.ameter 

k (g  = = 1 which  ex.-’-ed.;  l.P.  These  values  of  are  .above  the  upper  threshold 

c 

for  type  tl/I  suf'erconduc i v i ty  [ b | . At  k ' r.  lower  t.han  l.i'  tlr.'  supercondu.' t^u'  ex- 
hibit,s a first  order  ph.ar.e  tranr.it, ion  ^ d i scout,  i nuous  incre.ar.e  in  ma/tneti  r.ation)  .at 

H,,  due  t.o  an  attract. ive  i n t.cr.ac  t i oil  bet. ween  vort.iccs.  The  only  snmples  that  may 

‘ 1 

bo  below  thir.  t.hre.dio  1 are  the  luies  usi'd  for  tlio  very  low  dose  electr.-n  and 

n<?utron  low  t.emper.at.\na>  i rrad  i at.  ions . The  adv.antag.e  of  ur-ing  Jiicd'iura  for  t.his 

com['ar I ;',.on  is  that  it  Ldiould  bo  pos.’.ible  to  comp.aro  t bo  effeet.s  ol  dilleia.nt 

defe.’tu  on  Kj,  wit.lioni,  hav  i n/t  I..'  eorree*.  f(U‘  ehnngos  in  t.lu'  propi-rt  i or-  ot  t.he 

* These  m.at  er  i .a.l  r-  will  be  dir.eussed  by  A.  t'.weedler  and  I'.v  t\  th-kula  in  other 
papers  in  t.his  con  ferauu’e . 


th'kul  a i n ot  hei' 
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•.•■up'TCOMiiuct.  in/’;  rrrttrix  in  wiiicti  t,iic:u‘  lin  I't.  ;irf  fnilx’diii'd , ‘ t.i;" 

j!i  dun  t i n/:  <•'  nponnd::  ' hnn-  i littii-  oi'  no  {•tl.•tn/';(•  in  t.tic  Idicrraod;.  iiunic  tri- 
tical  field  of  Nb  with  i rra.i  i n t i on . fn  .-id.iifion  flic  data  needed  an  input,  for 
cornputinf:  f in  nioatly  available  an  are  a lUiiriber  ot  riK’del  ntudien  ol  Ilux 
piniiin/’  by  pre.-i  pi  tat.en  and  d i loealionn  to  which  one  can  cc’nii'are  the  i eradiated 
superconductor  results . 


DKKL'CTS  I’RODUCKD  BY  IHKAUIATION 


In  niobiuir.  different  defects  can  be  introduced  by  irradiatiii/’  the  ci-ystai  with 

different  particle:;.  Irradiation  by  3 MeV  electrons  at  ii.b>''K  proiiuces  statistically 

distributed  Frenkel  defects  t vacancy  and  interstitial  aton  pairs)  which  are  inmiobilo 

at  these  teniperatiires . i'ho  r.ir.e  of  a Fretikel  pair  in  IJb  (the  vacancy  :uid  inter- 

o 

stit.iai)  can  be  estimated  from  the  recombination  voliune  to  be  ~ A in  diameter. 

A comprehensive  invest,  i {tat  ion  of  flinx  pinninp,  by  the.se  defects  has  been  me.  ie  by 
Ullmaier  and  his  eoworkers  [ i' , 8 ] . 

Neutron  irradiation  of  niobium  at  howevei',  results  in  cascade  j'roduction. 

A cascade  is  thou/tht  to  consist  of  a central  deplet.ed  zone  (vacancy  rich  re/tion) 
surroutuied  by  a cloud  of  intcrstit.i.al  atoms  that  have  been  ejected  from  this  de- 
pleted zone  by  replacement  collision  sequences[9, 10,1 1 ] . 'ilie  dia:netei’  of  t.he  inter- 

o 

stitial  cloud  in  Nb  is  uncertain  but  a rou/th  estimate  is  s.iso.A[li' ] . The  inunber  of 

vacancies  in  tlie  depleted  zone  can  be  computed  to  be  fdOF.  , where  E is  the  incident. 

n n 

neutron  oner/;;.',  in  MeV,  usin/t  a modified  Jk  r:i;[i3l  of  the  Kinchiii-i'e.ase  moviel  [!•'*] 
with  a displacement  efficiency  of  0.8.  Tlie  size  distribution  of  d.epleted  zones, 
and  for  that  in.att.er  the  i nt.erst.itial  clouds  surround  i nit  them,  tlius  ,iepend;-.  ra'her 
critically  on  the  reai:tor  fast,  neutron  spectrum  lu'.i’d  t.o  produce  the  d.-ima/’e.  tUnce 
reacto:-  spectra  are  typically  rather  broad  (the  Cl  o react  o;-  .at  Ar/tonne  has  si/tnifi- 
cant,  flu.x  from  MeV  t.o  7 MeV  for  e.\ample[  1 1 ) , ’’no  rnuc.t.  expect,  .a  br<'.ad  dist.’’i- 


bul ion  of  cascade  sizes 


within  a /tiven  ii-radi.ated  specimen.  I nvest.i /t.at  ions,  ,-f 


I'lux  pinniiu’:  in  niobium  by  1 >w  ‘.'uporntur* 


nt'ut  ron  i rrn<i  i nt.  i l'Ii  huvc*  b*.^**it  juiij  1 i nht^i] 


by  Bortiilt,  K'iftri;:chi> IT  «n.l  W.-rr/.  1 [ J “j  ] ;i.rui  by  Brown[lb,i;-']- 

Dir.loi’at  ior!  loojn;  cati  bf  [u'oduceii  In  niobiuni  by  citli'T  ncutn'ii  of  ion 

i rradi  abion  at  room  teinpeiviture  ami  it  i r>  well  ef.tab  1 i r.heti  that  r.e'tuonti  al  1 vat 
m'Utron  dorn'r.  at  room  temi'orat.ure  produce  itict’eare:;  in  Mux  pi  nn  i np  1 1 I ■>  i ^ 9 1 • 
ilowevcr  in  tia?  interpu'etation  of  tiie  reaultn  it  ia  crucial  i tiat  tiie  dibloca'iv>n 
loop  structure  be  observed  directly  with  tlie  transmission  el(.>cti-on  mi  croscope . 
Interstitial  impurities  sui'h  as  oxyp.en  can  act  as  nucieat.inp,  centers  lor  app.repia- 
f.inri  of  mobile  point  Jefeets  to  form  dislocation  loopsffOl  so  that  chatiftes  in 
tiie  residual  impurity  conttuit  of  tiie  niobium  from  experiment  to  experiment  can 
lead  to  ctianp,t_*s  in  the  averapie  dislocation  loop  liensity  ami  sir.o.  1-  shows 

transmission  electron  mi  cro;trapiis  of  niol'iuJii  specimens  do[>ed  wi  t’n  different  oxygen 
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concentrations  whicti  were  ail  irradiated  t.o  tiie  same  fast,  neutron  dose  of  9-’ol0 
2 . 

rivt  (neutrons/cm  ).  In  tiu'  specimen  witii  tiie  lowest  oxyj^en  dopitip.  level  lar(;e  dis- 
location loops  are  visible  wiiereas  in  tiie  otiier  specimens  tiie  da!iiaf';e  is  in  tiie 
form  of  "black  spots"  (unresolved  dislocation  loop's)  wiiicii  liecrease  in  sise  and 
increase  in  density  as  tiie  oxy/'en  dopin/'  level  iticreasv?s.  From  mi croftrapiis  like 
tliese,  iiistof’rams  represent,  i np,  tlio  dislocation  loop  density  distribution  as  a 
function  of  loop  ciiameter  can  be  constructed.  'iVo  sucii  ii  i r-t. 'prams  represent!  tip 
the  extreme  oxypen  eoiitent  ari'  shown  in  Fipure  2.  An  investi  pat.ion  of  tiie  flux 
pinninp  in  tliese  samples  lias  been  carried  out  by  Aprawal , Kriuiier  and  I.oomis[2l]. 
Recently  Rollins  ami  An.laneyulu[  22  ] liave  reported  measurements  of  tiie  critical 
current  density  as  a function  of  distance  from  tin?  surface  in  M'  i rir-uii  at  e i by 
protons  at  room  temperature.  Viliile  no  microscopy  was  cai'riod  out  vui  tliese  sam- 
ples, t.lie  i lives  t i pa  tors  could  eorapute  the  deptti  dependence  of  the  sise  of  tiie  di  s- 
location  Iv'ops  ptx'duced  by  assuminp  tliat.  all  loops  niicle.ato  at.  imjnirity  atoms  :uid 
by  'issisnitip  tiie  point  defev-t  product. ion  rat.e  at  eacti  lieptti  t.o  be  piven  by 


Kulh.Tt--f  1 ;uv-tt  •.Tin/I  T-y  -itid  'h--  K i i u-IV‘-.u:c  [ 1 1*  1 m...i"!  'T  li.-.i-V.-- 

Thf.-i  r I'T  th-  d'-i'crKifncc  c • !'  on  il  i s 1 oi-i  t i(Jti  I"’!'  lii  .-uri'-t  •■i'  nf’-  in 

bJiijii-  a^nffmont,  wi*h  ft-ni':  foorn  t,- -ini'' 'ratair' ■ neuLron  i rf.-i'ii  ab  ion  oxi'n-i’i  :r.' Tit  n i . l]. 

KiiiaMy,  it  iii  po;;::  i 1>  I <■  t.o  prfuiiiiT'  vcidii  in  iiiobiui'i  by  i rra.i  i at  i iif’.  wit.ii  ii.-ut-vuns 
or  ioiu5  at.  iii,t;i  biT;;p.-rat  n-a-:' , bOO^C  T < 100C)"C.  in  ponorai  moialn  will  und.-r/' 

"void  Liwo  J 1 i iii:”  in  an  i ntcrmcd  iabo  t.tTtipof.atufo  ranpo  well  below  the  meitinp  p‘  i riL 
but.  well  tibovt-  the  tempo  rat. ure  at  which  v.acancie;;  .are  mobile.  'I'liin  phenomenon 
ir,  thought  to  be  liue  to  r.lipht  bia.n  for  trapi'inp,  of  interstitials  at  disiocation 
loops  over  'rappin.t  of  va. •ancles,  due  to  t.he  st.ronper  elastic  interaction  of  the 
former,  le-idinp  to  iii,-ti  v.a"-uicy  supersaturation.s  which  r-.-sult  in  void  nucle:ition 
and  prowl!i[?^].  'IVo  investigations  of  fJ  u.a  pinninp  by  i i-ra.i  i;it  i on- i nduced  voids 
iiave  been  carritai  out  by  i'reyiiarilt  [ L’i)  ] ami  liy  Kocli,  Kreyhardt  ami  Ociirborouph  [2‘> ) . 


In  one  case  voids  were  produceii  by  3-5  MeV  Hi  ion  bombaiaijr.ent  at  t.emja’rat.ui'es 
between  780  and  In  the  other  set  of  experiments,  niobium  samples 

wei-e  irradiated  in  tlie  KRK  II  facility  at  tem.peral.urt?s  between  650°C  and  10So"C 

oo  o 


to  fast  neutron  ('1  MeV ) fluenc('s  of  a-io' nvt  ( neut.rons/(.'m'  ).  In  e.’icii  car-e  tiie 
void  sine  distribution  was  directiy  cletermineii  witli  transmission  electron  m.icros- 
copy . ilie  Ni'*'  ion  irradiation  method  of  introducing  voids  has  many  exja-'r imeti*  al 
advantages  over  neut.ron  irradiation.  The  maximmn  dispiacemeut  rate  for  3.''  MeV 
Ni"*”  of  5x10  DFA/sec  is  approximately  5000  times  hig.lier  than  tliat.  for  neutron 
L rradiation[  2‘'t  ] so  ion  irradiation  t.imes  are  far  sliortor.  In  addition  the  ion- 
irradiation  stuiiples  do  not  become  radioactive  atri  do  not  require  ttie  long  "coo.ling 
off"  period  sieut.ron  ii’radiated  samples  lio . Nevertheless  the  fact,  that  the  voivis 
ai’e  confined  to  a Jayer  ,'ibout  1 . 5iim  below  the  surface  of  t.he  foil  at  a depth  near 
the  end  of  t.he  Ni  ion  tvmge  somewhat  complicates  the  int.erprotation  of  tlie  I'l.-sults 
of  t.hose  experinen  ts  [ pT  ] . It,  appe;irs  also  that  the  density  of  voids  is  about  a 


i 


I 


.'ii 


f.’u-t.or  of  t.ori  tiif'hor  at 


<•  'iittairaMo  I '-nH>'-!-a'.uro:-.  for  t h»  i ti- i ri-i  i i at  ••  i --l'!;!' I ar 


comi  ar->  i with  t 


!i>'  non*  I'oii- i r iat  e.i  r.a;:i;<  1 o;' . Tta*  i ri'T'’ar.>''i  voi  i it\  aii . !■  .o  i 


enhancf.i  point  dofoct  tr-ipp  i nr  and  void  nuc  I oat  i('i;  at,  t.tio  implant  oi  d i r.r  ( for 


‘50  Di'A  tiioro  ar>'  abr'Ut 


.'’xlti  ’ n i alor:r.’/n  in  tho  irradiat.’i  la;,-'  r)  >r  i‘  rriv  r-  !.'--t 


s;  imi  ! ar 


► ■nSiancomont  by  tho  hir.hor  oxyavn  at, on  contont,  in  t h<  ro  ivui.p  1 < ,■ . 


Voi'ir  prodiu’fd  i'V  ‘1i>t.o  i r-r.a  i i at.  ionr.  .ai-<.  nrnally  a pprox  i nat- ■ 1 y r.-uidmily  ,!ir- 
tribut,o(i  but  in  .a  narrow  t omporat.uro  raiuto  'v,Hoo''’C  ‘ f’r  h nrh  oxy.'on  o.  iit  on‘ r, 

a b.c.c.  voi.i  l.at.tioo  tr‘.r  boon  obrorvodf  ’''i^yp].  ;’ni-h  a ro,:n!ar  a>-ray  of  voi  !.• 
would  ropia-r.ont.  an  ivioal  mo.iol  nyrtom  with  which  ' t or.t,  thoorior,  o!  bot  !i  tho 
olomontary  interaction  jt  rco  find  t.ho  r.umm.ation  pri'blomr.  !''r(\vliar  it  ( .'-’i  j iri;-.  ro- 
ported  results  on  a Sfimplt'  with  1 OOA  voids.  ;in  i fi  latt  ico  v’otn'.t.ant.  of  about  ^AOn. 
Clearly  more  exja'r  imont,:-.  on  void  lattices  wil.li  d i f for. ’tit.  voi  i ri.’.o  an  i I'l'*  ice 
siacin(>;i;  will  be  tio.cossfiry  before  finy  c;onoral  con-' 1 iir.  ions  ,"111  be*  drawn. 


KXrKKlMKrrAl,  FI.UX  I’lMi.'IlJtl  KKSllbT;' 


M.arnotic  Field  I'onendonco  of  F : 

P 


Since  t.ht'  maftnc't.  i c field  d<'t>endence  of  b.it.li  the  o 1 emotit.ary  i nt.i'raet  ion  fota'o 

and  the  elastic  lamst.ant.s  of  t.ho  FLL,  wiiich  (govern  t.lie  laa'.pi'n.ae  of  this  l.attico  t.i 

f , can  be  most,  convcn  i I'nt.l  v oxnrossod  ns  funct  ions  of  r"iu('oi  m.fi.rnt't.  i c indu.’ti.-n 
P 

b = B/Fl  it  is  now  convt'nt.  ionn  1 t ii  comi'tiro  tho  field  dop.nuionco  t'f  of  aio 


s.'inple  witli  .anot.hor  by  ['lot.t.inj'  t.ho  d;it.a  as  F^_  vs  I'.  Fipurt's  S tliroui'h  o .•■li 'W 
th('  dop‘'ndonce  ol’  F on  ma.c.notic  induct  ion  for  flux  piiinin)',  bv  Ftauikol  nairs[7), 

' n ■ I . . 


It  is  clo.ar  tjvi*.  tiM'.y  I'an  i om  •irrnti.'cmoni  ot‘  i-iMu-r  v ' i is,  or  iirloc.a'  t-r, 
loops  cannot  bo  achieved  since  ' tr^re  is  a s.t  roni’  t'-ni'-r!,';.'  f 'v  cl-'s.'ly  .■’,■'‘.•0  1 
dei'fct.s  not.  to  di'Vt’lop  since  they  woul  1 lirain  apiivix  iriat  ely  tin’  r-nn.'  v-ln.m.c  . 
i'oint.  defects. 


Vi 


by  1 •!.  by  >ii ;;  lo.-.  • i .'u  rui  by  v.  >i  .]■;  [ :'M  • ■’l>"  -I  i f l'  .mu-v--;' 

ill  ea-'h  r»‘j  i i iTi*  r** -a  t in  tin*  ‘'‘i;.*-  '■!  ii'a./it  * » i i .. 

arui  c'u;c’n.i<-;:  or  comb  i nat,  ion;',  of  lii  ffcrrnt,  .i-’fccL  i t,  i <-i;  -ii,  i r.i/.'-.:  i :i  •‘a-  ■■■■■•■ 

of  dislocation  loops  and  voids.  Tiic  relevant,  spia’inieii  p.ar:oti’‘ti'rs  ai’-  pi  .a-i.  in 
Table  I for  each  curve.  L'efect  densities  r were  taken  to  !>.■  "i.'  va!u--s.  •.••■■..•mine) 
in  [7l  from  the  resistivities  of  a Frenkel  pair  and  those  determini' i in  1 r>  I fr. 'iii 
the  relation  between  c:isc.a-io  densit.y  and  neutron  fJuence,  whereas  f r dislocation 
loops  and  voids  the  densities  determined  directly  by  T.KM  observations  [.  l]  and 
[P!^]  were  used.  The  F^  ( b '*  curves  for  the  di  ffereiit  defects  iriv<.‘  ci.'rt.aiu  feat'ires 
in  common.  Most  show  a m.axiiii'.sn  of  F^^  vs  b with  F^^  approacii  i np.  ttero  a*  b = 1.  For 
pinni  np.  by  Frenkel  pairs  ir'wever-  F^^  increases  si/'ni  ficantly  fr  'Iti  ce;-o  only  below 
b = . 8 to  b = w!t'n  this  limit  increasinp.  witli  increttsinp  elec  r.  a fluer.ee. 

For  the  low  electron  fluence  samples  also  any  maximum  in  F^_  is  at  ’-educed  induc- 
tic'us  below  b = . ^4  b P -is  the  fluence  is  incre-ised,  a n.-ixiiirun  .-ippea’-s  and  siiifts 
upward  in  re  meed  fi-’Fi  b = .t‘>  .-it  t.iie  riiphest  fluence.  F.’t  li  the  dislocat  icni 
loop  samples  and  the  casc.-ide  s;u:iples  sliov  a peak  effect,  a narrow  peak  in  tiio 
pinning  force  vs.  b lust,  below  b = 1 in  some  of  tiie  smnplos.  For  ensv-ndo  pinnitip, 
a small  sharp  pe.-ik  dev(?lc{'s  lust  below  b = 1 -it  tlie  lowest  fluonoes,  incre.-ises  iti 
sir.e  and  shifts  to  lower  b,  becominp,  miu-h  broa,iei-  at  the  liipiicj-  casoade  densiti»?s. 
At  the  liipliest  casc.-ide  .iensity  ti\e!-e  is  a decrease  in  F^^  on  t.tio  low  b side  of  the 
peak  and  -i  percept  ible  nnrrowinp,  of  t tie  t’cak . However,  for  tin-  dislocation  iio-ps 
the  peak  is  bro-id  airi  below  b = .85  for  low  loop  densities  b-.it  stiifts  to  hip.ho!- 
reduced  inductions  and  n.-u'i-ows  as  tlie  loop  density  ir.crcases . dlearly  the  ch.-inpo: 
in  t.he  pe.-xk  effect  are  not  only  a function  of  defect  density  but  itr.ist  also  iirvolve 
the  elom.entary  inter.-iction  force  f^^  whicii  will  depend  on  .iofoct  sir.e. 


-O- 


The  marnetic  Held  defienderice  of  void  pimiitir  aj  to  be  somewiiat  dif- 

ferent from  eitiifM-  cascade  or  dislocation  loop  pinnir.p  in  t tiat  thei'c  is  a broad 
inaximam  in  ttie  pinning  tliat  occurs  at  relatively  leu  reduced  1i'>lds  between 
1 = .7  and  b = .i  for  all  samples.  However,  there  is  no  unj.pie  shape  to  the 
vs  b curve;  different  microstructures  give  different  shapes  as  in  the  case  of 
tiie  ottier  defect  spec'ies.  Kurtherm'-  re  the  i'^  vs  D curves  are  moi*e  sensitive  to 
microstructure  at  low  b than  at  high  b.  lor  example  the  ratio  ol  1^  lor  two  dif— 
fei’ent  void  inicrosti'uctures  is  at  least  a factor  of  two  larger  at  b = .5  than  at 
b = .9.  This  enhanced  s*re;ture  sensitivit.y  of  the  {)inning  force  at  low  b is  even 
more  strikingly  evident  in  ttie  1'^  vs.  b curves  (Figure  7)  for  the  void  structures 

produced  by  neutron  irradiation  where  the  curves  practically  suj>erimpose  above 

* 

b = .9(25]  • Tills  behavior  is  very  similar  to  that  of  the  samples  with  the  peak 
effect . 

The  peak  effect  is  thought  to  arise  due  to  the  softening  of  the  FLL  at 

inductions  Just  below  B(,^[27].  Two  possibilities  exist  for  the  mechanism  limiting 

on  the  high  b side  of  the  peak.  In  the  first  proposed  Campbell  and  Evetts[2] 

full  "synchronization"  of  pins  occurs  at  the  peak  and  further  softening  of  the 

flux  lattice  at  higher  b does  not  result  in  further  increases  in  F . In  the 

!' 

second[28]  it  is  sup'posed  that  the  FLL  can  plastically  shear  around  the  stronresT 

pins  leading  to  a F that  is  insensitive  to  f and  only  moderately  sensilive  t- 
P P 

pin  density.  These  models  are  discussed  in  more  detail  elsewhere[pj.‘- ] ■ Ires.  :g 
evidence  that  seems  to  favor  the  latter  model  is: 

1)  'Ilie  disappearance  of  flux  line  lattice  history  effect:;  on  F^^  at  1'. 
greater  than  the  peak[ 30, 31 , 32 ] 

2)  An  abrupt  change  in  the  character  of  the  voltage-current  charac t er i t i • [ ' 3 1 
at  b':;  Just  above  the  peak. 

* Errors  in  <letermining  H;;pi  whii’h  are  e:;pccia.lly  aaiai  to  av'  id.  vtn-n  i;; 

measured  resistively  due'to  surf.ai’e  superconductivity,  will  r.hift  t!u'‘ curvia; 
in  Figure  6 significantly. 


-1(1- 


Heceiit  theoretic: 


.;aL  developrnetits  have  cornlancd  to  eliminate  nome  ccf  the  object. i onn  to  the 


FI.Ij  :*.h<Tir  model.  In  the  oru^Lnal.  mc)de.l  it  w.'in  neceGsrii*y  that  line  I'irjnin/^  occur  |-c 
Schmucker  ( 3li  ] has  shown  point  pins  can  initiate  FLI.  siie.ar  and  tliat  dependin'',  o!i  t.lie 

O 

aspect  ratio  of  the  {dns  any  b dependence  of  b.dween  (l-li)  and  (l-b)  (■'ui  be 


obtained  in  ttie  rcRion 


near  B,.  . In  Sclunucker ' s model  unfortunately  t,her>,‘  i:;  iio 


ssibility  of  a ct-'.'ssover  from  pin  breakiip^  to  a FLL  she.'ir  mechanism  as  b in- 


creases since 


both  mechanisms  have  the  same  b dependence  in  the  point  pinni.'i/: 


limit. 


Brandt[  35-39  ] has  recently  shown  however  that  for  shi.'rt  waveJenct.h  defoi-- 


mations  both  the  tilt  modulus,  and  the  compression  modulus,  of  the  FLL 

become  very  sm.all  at  H,  . [it  h.ad  been  previously  accepted  following  the  r.ero 

2 

wave  vector  calculation  of  Labusch[ltOl  that  and  increased  as  B and  were 

2 

much  lai’tp-r  than  near  The  shear  modulus  decrea.ses  as  (l-b)  near 

B , a result  Brandt  extends  to  all  wave  vectors.]  Bchmucker  and  Prandt[)4l]  tiave 
shown  th.'it  tiie  displacement  produced  by  a point  pin  inci’eascs  dj'.astically  ;ilx>ve 
b = .8  whereas  with  tlie  l.abusch  approxim.ation  this  displacement  is  constant. 

Since  FLL  shear  at  a point  pin  itivoives  creation  of  .a  flux  line  .l.at'iice  ciislocu- 
tion  (illJ)  loop  wiiose  line  tension  is  proportional  to  /C^  since  only 

short  range  displacements  are  produced  by  a small  loop  one  expects  th.'it  the  I’orce 
to  create  a FLD  loop  above  b = .8  will  be  significantly  less  tlrui  tli.'it  originally 
computed  by  Sclimucker  [ 3*^  ] wiio  used  Labusch's  expression  for  The  tiieoretical 

situation  regarding  the  peak  effect  and  ttie  interpretation  of  ttie  iiigh  fieUi 
is  thus  far  from  settled  at  the  moment,  but  m;iny  new  i’ieas  ii-ive  surfaced  wliich  are 
currently  being  explore'!.  T n any  ease  witli  ttie  exception  of  t.iie  very  weakly  pin- 
ning electron  irradiated  L'b,  irradiated  niobium  f.".  'i|  picar  to  betiave  near 

very  mucii  like  lib  and  itr-  .alleys  ceiit.aining  other  de  fee  tr- [ )(2  ] . in  wli-i*  follow;-- 


our  discussion  will  cen'er  tc-im-iriiv  'ii  t !ic  struct.ure  scnr.itivo  F at  nuagnetio 

p 

itrluctions  -well  be!<'>w  B 


-.1 1- 


Tcmperat ure  Depeinlenoe  of 


F : 
P 


I’irininR  force  vs.  b curves  have  been  mi‘;iGure<i  at  varlour.  t'-'Ciperafui  e:>  on!/ 
for  void  structures  produced  by  Ni^  ion  i rrad  iat  ion[  J • I'iruro  8 sliowr  tli" 
te.Tiperature  dei'enderice  of  the  vs  b curve  ot  one  sample  i ti  iicure  0.  .Vhile 
chan/.es  in  temperature  produce  larf'e  chain’es  in  the  mar.nitude  of  the  peak  in 


where  r' 


is  the 


max 


• max 


they  leave  it;’  shape  er.sential  ly  unchanged.  Indeed  if 

value  of  F at  the  peak  is  {dotted  a^fainst  b all  tliese  curv.u;  super imi'ose  into  a 
P 

single  master  curve.  This  scaling  behavior  first  discovered  by  liets  aiid  debb[u^] 

is  exhibited  by  most  haiai  superconductors  [?8  ] . A suitable  r.caling.  ['arjunetej’  is 

so  that  one  has  the  pirui.imen  'lo/.lcal  extiression  for  F ; 

C2  P 


/M.  \ ^ 

F = (B  o(b) 

P ‘-’o 


(1 ) 


where  g(b)  is  only  a function  of  reiiucod  field  and  can  b"  evaluated  from  any 

F vs  b cui've  at  constant  t.emi'erat.ure,  such  as  those  in  Fig.'-..  For  void 

P 

pinning  Freyhardt [ 2!*  ] firni'.;  tliat  m = af.  low  t.emper.ature  but  tliat  m incre.ases  to 
'''2  at  temperatures  near  'i'^^ . 

Although  scaling  has  been  found  to  fail  badly  for  a number  of  superconductors , 
usually  this  can  bo  attributed  to:  (j  ) sami- 1. tint  lav  a parav.u,',!ie' icaily  limit"'. 

C- 

at  low  temper.at ures [ !Wi  1 , (p)  1 nhomogeneour.  r.;un[  les  in  wiiicii  a minor  but  continuous 
superconducting  path  exist.s  with  a tiigher  T^_  than  t die  m.a.jorily  of  the  sam[’ie[  I . 

(l)  samples  with  a sufficiently  rog.ular  .iefect  micro:;  tructure  that  a peak  in  t.h"  i i li- 
ning force  develops  due  1,o  a iruitchi  nr  of  a FLl,  spacing  to  tlie  si'acing,  of  .iefectr.  [u8-' u ] . 
Fince  the  irradiated  s.amplos  der,crib«'d  are  homog.eneous , are  iion-paramagiut.  i ca  1 Iv 
limited  and  have  a random  ilefect  struct.ure  (with  the  except  ion  of  the  void  lat'ice', 
it  is  a reasoii.able  assumption  tint  the  scaling  l.aw  will  hold  a|  proxim.at.ely  for  thoro 
materials.  NevertiieJ  ess  experiments  on  i.he  teiiificr.atui’e  dependeiiee  cf  flux  piniiing. 
in  samples  with  well  cha.ract.eri  red  dislocation  loops  as  wol]  a.;  ;eii:.ile.-  with  ."i  n-ad".; 


should  be  carried  cult. 


Jlumiiiatiori  Models: 


Before  beginning  our  (iisc’ussion  of  the  efl’ects  of  pin  density  on  flux  jiimiiru';, 
it  will  be  useful,  to  review  briefly  the  two  models  currently  used  most  often  as 
solutions  to  the  summation  problem.  One  model  proposed  by  Dew-Huglies  [ 1>8 1 i that 
the  FL!j  in  hard  supercotiduetors  is  amorphous  and  flexible  enough  to  optiimilly 
contact  all  pinning  centers  in  the  material.  He  then  obtains  the  direct  surai.-iati  .a 


F = 1 P ( i ) f ( i ) (?) 

P i P 

where  p(i)  is  the  number  density  of  the  ith  species  of  defect  with  maximui.'i  elemen- 
tary interaction  force  f (i).  Wliatever  one's  view  of  the  radical  assiaiiptions  nec- 

P 

essary  for  this  direct  summation  to  hold,  it  has  one  undeniably  useful  feature 

that  has  not  been  emphasized  in  the  past.  It  predicts  an  absolute  ujjper  limit 

for  the  pinning  force.  It  is  not  possible  for  any  summation  model  to  result  ii;  an 

F^  greater  than  sum  of  the  maximum  interaction  force  of  all  the  defects. 

The  point  pinning  model  developed  by  Labusch[5T]  is  much  more  widely  used 

currently  because  it  explicitly  takes  the  rigidity  of  the  FLL  into  account. 

In  the  form  this  model  is  usually  cast  F becomes 

P 

F = (—2)  D(i)f  (i)‘[f  (i)/(4Tia  U ] { }) 

P a^“^  i P P o efl 

where  a^  is  the  flux  line  spacing,  d is  the  half  the  inteivu'tion  widt.li  of  the 
pinning  c»-nt<‘r  wtuch  approxi  rmttely  equals  the  coherence  length  f.  foi'  r.mall  defects, 
and  is  an  effective  mod\ilus  for  deformation  of  the  FLL  by  a point  force  nor- 

mal to  the  flux  lines[liO]. 

“eff  = 

In  Kq.  3 the  term  in  brackets  in  'he  sum  is.  equal  t.o  Mr-  di  splac'*i:;ent  u of 


the  FLL  by  the  maximum  int.eraotion  force  1'^.  Ttr'  T-atio  \i/;i  c-ui  be  ccuis  i di  reil 


r 


-I  V 


of  FI, I,  r i ('i  <i  i t,y  . nn  afOitrriry  r 

an  e Jemntitary  i ri(.t*rac  I,  i on  I'orcr  f = ( cj 
t in  nprinr,  wit.ti  npfinr.  coiu-.tanf.  k ki' 


k = luia  p 

(j  i' I I 


t. 

t he  diri 

>ct 

aiunm.a'  ion 

1‘of  Uro  effec 

t ;; 

(i  i 

a.  p 1 aceiiK 

■nt. 

U produced 

l,y  a 1-' r i 

i-i 

"e 

ff)  u = 

ku 

tin-  M I,  !■!' 

ajiondi:  aa  an  ' 

.■1: 

('.) 


An  irap( 


'ft.ant  ronti-int.ion  in  I.abnr.nh ' a theory  Mint  in  ofl-'n  inior-.i  i ti  iruMi.- 


i-  that  ;•  '-ati-'ty  He-  • hr- a-.Ii  ' I ! • r- i t . ■ r i . ai , whi.-h  .-an  !'.•  wi-if.'-tr  ar  l-l]. 

i’ 


'“err'\. 


(o) 


If  r ia  ie-,G  tti.an  f.hreaho  1 ,i  th.-  l.ahur.ch  theory  pri-iint.;;  F - 0 and  unlear.  the  el>- 
F ’’ 

irentcary  pinnitut  f'oree  ir,  wi'll  ah,'V('  thr,  ;di  >ld  1'^^  La  aif.i'i  1 ieantly  atnaller  t.harr 
that  pi-eclict(at  by  K,] . i.  An  expreaaion  aimilar  to  K<i . ^ can  be  .ierived  from  the 

dynamic  to'ctereaia  of  FI, I,  motion  paat  pina[sH-('Ol  and  exactly  the  aanu'  threahold 
crit.erion  appliea.  Ther«'  ia  alai'  an  imix'rt.anl  and  liubiour,  aaaum|>tion  reparaiinp, 
the  nature  of  the  etnuaty  well  p.ivinp;  ri;u'  tx'  t.he  elementary  i n‘' •ra.c  t i on  ; o; 

the  defect  hidden  in  botii  the  atatiatical  and  dyn:u,nie  theori.'a  of  pinninf,;  we 
will  conaider  t.hia  ar.aumption  in  detail  aft.ei'  compai'in(t  tdieory  with  expi-r  i rm'iit. . 

To  facilitate  ttiia  cotiipariaon  let  ua  la'Wi-it.e  l\i.  1 an 

(Y) 


and  Fq . P aa 


F = pi'f 
P P 


F = p f 
P P 


(») 


where  r = f./()ina  \i  f ' = >’.p(i)f  ‘{i)/p  and  f = ft'(i)f  (i)/e.  We  will  .-ub- 

o ('ll  p , p p p 

J 

r.equent.ly  ignore  t.he  fact  t.hat  ^ ‘-‘‘Y'  <■''>  pround;-.  that  t ho  oi-fore,  pro- 

duced in  (ioinr,  ao  at-e  relat.Lvely  ar/ua  1 1 ( ,di , ,’l  ] . When  act.ua!  ly  eowp.arinr,  fei‘ 
mici’oatraict.ure  cenaiat.inji  of  a I’atif.e  I'f  dt'fect.  r.ic.ea  and  t.hua  ’i/-''  “ill 

O I ^ 

actually  uae  api>ropriat.i'  f^^  for  eompariaeii  purpo;a'.-. 


Wl'  will 


[,ot  lu;  now  i nt.ro.iuco  n new  quant.it.y,  the  specific  pitminr,  ff)rce  U,  or  tne  pi; 
niiU^  force  per  if' feet  (iefineii  as 


Q K /p  t 

f> 

which  can  be  computed  from  the  exi'eri mental  and  p values.  If  eith'-r  of  the 

two  summation  models  is  correct  Q should  be  independent  of  defect  density  and  thus 
be  a direct  measure  of  the  maximum  elementary  interaction  force  ot  a siiif  ie  d'  - 


feet  find  the  response 


.•  of  the  FLL  to  that  force.  If  t.he  direct  summation  holds 


Q = f 


whereas  if  the  I^abusch  statistical  theory  holds 


Q = Cf 


Even  if  neither  summation  model  holds,  if  we  can  experimentally  establish  that  the  st‘C- 
cific  pinning  force  is  approximately  ind.  ■pendent  ot'  pin  U'ciirity  we  can  ui^e  as  n la.' 1 a 1 1 ve 
measure  of  the  pinning  effectiveness  <)f  di fferent  defect  species  under  conditions 
where  the  FLL  rigidity  is  the  s.ame.  In  the  next  section  we  will  show  experimen- 
tally that  if  p is  not  too  large,  Q is  in  fact  independent  of  p. 


Depend.ence  of  the  Sjiecific  Pinning  Force  on  Pin  Density: 


Since  the  specific  pinning  force  density  will  be  sensitive  througli  its 
strong  dependence  on  f^  to  the  size  of  the  pinning  defect  (defect  size  is  one  of 
the  most  important  factors  in  detei’mining  f ^ ] ) , the  best  test  of  the  pin  densit.y 
independence  of  Q is  to  introduce  more  and  more  defects  of  constant  size  and  de* er- 
mine experimentally  whether  Q remains  constfuit.  Here  low  temperature  r-  i;--t;  a 
dfimage  experiments  are  unexcelled  since  by  increasing  the  neutren  or  elec.'tron 
fluence  we  can  increase  the  cascade  or  Frenkel  pair  density  witdiout  chaiig.inr  the 


defect  size  distribution,  which  is  a function  only  of  the  reactor  neutron  energy 


- 1 


sf^.rt.rurn  or  t.ho  olfft.ron  on.-r,'y  . Of  c-oor::  ».o  fVtirJy  < .'iro  i.l<  r.  iT  th<' 

licni  Ur-ory  ir-  correct  we  mu.-.t,  m.-ikc-  rut-  Urtt.  t.hc  KLL  comp  1 i ruico , p prcocnt  ■ ■ i !,y  C 
Ln  Kq.  7,  is  tie!,!  constant,  anii  t.tiis  rdiui  rcmeni  ixjses  a problem  siti  -e  ^ and  t 
increase  duririf,  the  low  t.eniperature  irradiations  due  t,o  the  increase  in  :-es  in- 
ti vity.  tiowever  it  turns  out,  that  the  KI,I,  compliance  at  cons-tant  b i r,  .apprex- 

iinateiy  constant,  over  the  rarifie  of  k fi-om  I .2  - i t.hat  obtains  i.n  any  of  the 

irradiated  Nb  specimens.  [The  increase  in  constant,  b wiUi  i ncreas  i nr,  r 

is  almost  exactly  balanced  by  the  decrease  in  1 Thcrelorc  it  we  conipai  e Q 

at  constant  reduced  marnetio  induction  t>  lor  samp>ies  of  (iitfi'rinr  k we  are  ni.iki!.f, 
the  comparison  at  -a  constant  i*'LL  ccjinpliance . Wo  have  chor.en  t,o  makt'  the  ci,>nipai  is'.ui 
at  b = .55  which  is  a low  onouch  b to  be  below  the  complications  of  tlie  peak 

effect  near  but  hirb  onourb  to  permit,  the  normal  tiipb  field  ap[u-oxi  mat!  i iis 

for  computing  ‘‘nb  be  used.  Furthermore,  s.inc.,  for  most  s.’Wii'le.s  va?i  s 

slowly  with  B in  this  ranr,e,  t.he  (;omparis.on  is  insensitive  to  small  ei'rors  in 
defining  Bj,^. 

To  determine  the  effect.s  of  defei’t  density  on  (}  we  first,  est.al' 1 Ls-h  a value 

2 i - S 

of  Q(Q  ) at  a density  of  iO  m . 'Ibis  value  was  chosen  lHa-aus,e  all  the  low  t en.- 
o 

perat.ure  experiments  have  experimental  points  at,  densitlt.'s  rt.'.asoriably  clor.e  to  tliir. 
cne.  We  then  plot  in  Fig,.  9 the  I'atio  of  Q/Q.^  vs.  p on  a Icjg-lof:  plot.  The  c, ; '.'n 
t.riangles  represent  the  cascade  pinning  experiments  I'f  Berndl  et  al.[l5l,  the  fil- 
led t.ri.angles  the  casc.'ide  pinning  experi  ment.s  of  ib'own  [ I b ) an  1 the  filbai  hexagons- 
the  Frenkel  defect,  pinning  experiments  of  Ullmaier  et  .a].[i,81.  Hemark'ibly  the 
results  wiiich  span  about  three  decades  of  uefoct  density  appe.ar  t.i  ■ t'.a  1 1 on  -a  sing.le 

universal  curve.  The  decrease  in  '.?/W  .above  p = '-xUi  I • ; ‘ v-’l;,-  ;-t 

o 

s.tood  based  on  a tr.i  ■ ii  f ica1  ion  of  ,a  simple  argument  giveii  by  111  1 ma  i er  [ 1 , 7 ] . He 

makes  the  reasonabl  >'  ass.urr.fd,  i on  t.hat  at.  liig.h  pin  den.’-ity  tin-  i'I,i.  is.  -tu;  i 1 i ve  only 


L 


- It- 


to  n actuations  iti  P'"  'I'-nrity  tu-tween  n<- i rnlK-rlnr  woluim".'.  of  nup.-rcomiu.-to-'.'  ant 
t liat  for  puffH'ses  of  (ictiM-mi  ti  i nr  ttifso  f 1 no  t.uat  i ons  taic  sInuM  avoraro  '.i.'i  i 
voUune  of  Tfie  avoraRc  nui’ibor  of  pins  in  is  •‘”'1  t !><'  avcra/'..'  !,1- 

ferenc-e  <^An>  in  the  iiuinber  of  pins  botwe.-n  noir.hbor inr  vijlumo;-  i r t'U'  ttn- 

increaso.i  proximity  of  liefoot.s  to  racli  oth.-r  mur.t  . aa-ntual  !y  rorult  in  a -too  f -i.-.  • 
in  th<-  offootivc  int.f'raction  <'ru-rry  of  a n.inrlr  (infect  witti  Un-  !'M'.  !l  wo  make 
ttie  very  cru'le  assumption  t.tiat  tliis  decreac.e  r.oes  like  t.lie  iinoar  distance  t'o- 


_ 1 / a 

tween  defects  p iti  tliis  hoisi  ty  ranre  1^^  - A, 


o in.' ‘ -an'  .'in  ! 


■■ill 


be  riven 


bv  f or  f \f  ‘ implvinr.  that  for  p >>  ~ Q r ’es  arynpl  c't;  ca  1 l.v 

’ n II  ' f.  ’ 


as  — is  observed, 
p 

k’or  our  purposes  however*  t.lu*  m»rst  i rnpi' r't.ant.  ac.pt'ct  oI  !*if';ur'(*  ‘i  is  t.hat  it 
indicates  that  below  a defect  liensity  of  aliout  '..xlo'  the  ;-.p,'eifie  linninr  foi'i’e 
y is  inJepenient.  of  defect  density.  Note  that,  the  exper  i ment.a ! r.'Uit'o  >.f  void  an  i 
dislocation  loop  denC'ities  rrii  is ' ly  fn  I 1 c.  holcw  l.his  noncil;,  . !i  . ; o\i  . 


to  be  a const. ant  for  a rivc'ii  si'.*i'  void  cn*  d i s Jocat,  i (in  loviji.  It  will  la-  possil'le 

to  further  test,  the  i ndepet!d('ri(*e  of  ij  f('r  voids  in  Mn'  next  stvtion. 

We  note  in  passinr  t.hat  the  i ndependen«*e  of  0 at  much  siirilli'r  p's  can  1'" 

es  tab!  i slu'd  in  t.lie  case'  (.if  precipitrite  pinninr  from  t.ho  rtrsul  ts  of  An  t.csbcrr'er 

•Hid  Ul  Iraa  i er  [ hA  I who  investirated  pinninr;  by  Nb..,N  part.icles  in  NbTa  .*ill(\vs  over* 

the  lif'nsity  ranre  lixlO*^\n  ^ to  m atui  the  r*er.ult,s  <'f  id  bhy  [ t> ',  ! 1 wh(i  i n- 

Vf'stirat.ed  pinninr  by  O.Bpm  dirrmeter  t.'unr.stc’n  pnrticli's  in  I’li-Hi  allc'y,*.  > V(*r  t lie 

finro  Ixio'^m  ^ t.o  Sx.lO'  m '.  While  it  woul  i I'c  vci’v  liosiral'Ie  ti'  ('Xtt'iid  I in' 

finr''  of  density  cuveroii  ('xpi.'i*  i nu-nla  1 ly  in  Kirui*e  8 atci  i erha.i  s Irive  woi-c  cac.c'i  ii- 

points  lii'iew  p = 10'  V,  \ wo  ci'iisidef  the  proo(  irl.i  ona  I i I y iu'‘wecn  rni.i  . •ind 

tin'  i ndepi'ii.lence  (if  ■.}  on  p , t'  Ik'  reasonably  wi'll  ( 'S.  t ab  1 i sdn'd  in  ttiis.  reri>  ri. 

» 'Hii.-  st'-'enent.  clearly  is  not,  t ,->.n'  tk'r  the  smalle.*t.  d i s 1 . •>"i‘  i on  1 ions-  which 

Irive  a V('r*y  hirh  c.  Wh-  could  nst'  Ki.e.  8 to  (•oi*i*e('t  the  s'  f-'i*  this.  d('nsity 

leptnideiice.  Oitn'e  the  (••■rrecl  i('n  I -en  rioi  s.  i /aii  f i c'lnt  ly  ch-inri’  tin-  even' mil 
cotu' 1 us.  i ons.  we  will  irin'se  it,  in  wlrit  follows, . 


I'.'titTi.loru-t'  of  the  Speeifie  rintiiiift  Kot-ee  i ti  Pefe.-t  oi"e  -itiil 


Ttie  ypeeil'ie  [mini  rip: 


foree::  for'  t tie  defeet.  eunditiirin  lini.ei  in  Tnl'le  I 


computed  rit.  b = .‘;S.  For  d i s I oent.i  uii  loof-::  .'Uid  voiile  tin-  ;|»'eirie  i innin/-  f.u-i-.. 

idioiild  be  a r.tnmp  fiinetion  of  the  Joo[>  or  void  d imiiet.ei-  .-in  I t tie  re.ul*.-.  .-.iiewn 

on  Kij’iure  10  bi'-ir  out.  t.ti  i i:  expee  tatlon . An  tlie  li  i n lorn  t p „ 1 vp  iiiuiievr  in- 
o o 

•.Ton.ned  from  P‘>A  to  IbOA,  t.lie  npoeifie  pintiinp  force  i nerenn.en  .ulmont  Mire,-  rdern 
of  iTia^'ii  i t.u‘io  I'roni  10  N t.o  10  N . I'inii  larly  l('r  -ni  i no  in  V(.'»ivi  tiianotoi 

from  nboul.  ^0  to  t>0OA,  CJ  iriereanen  from  ,iiint,  over  It)  * N to  ,iunt  un  tor  10  IJ . 

Ttie  open  circle  void  dat.ii  rept'enent.  the  neiit.ron  irr.adiate.i  namplen  wiierean  the 
filled  circle:'  rej're'irent,  the  Ni  i i>n  irradiat.ed  nj'ee  i men.:  . N.-'.e  tii.at.  alt,!iou/’h 

Uie  void  dennit.ien  differ  by  about  one  I'rder  r'f  map.nit.ude  for  ei'iiiparable  vi' i d 
.iiametern  (Table  l),  there  i:r  exei'llent.  apreement  between  the  two  :ret::  of  data, 
providinp  one  more  indication  tti.at.  ij  in  indeed  independent  of  derinity  over  the 
r.anpe  of  void  deiinit.y.  The  npoeifie  ['itiriinp,  foree  for  Frenkel  pa  i rn  ami  eaiavavie:' 
are  alno  nhown  aj  t tioui’di  the  "diameter”  in  t he::e  eani'n  in  no*  well  defined.  The 
.townward  ai'rew  in  I'aeh  cane  reju-enent,:'.  the  decreane  in  tj  wi;ii  i nei'ean  i np.  heu'.ity 
nhown  in  Fip.  9-  In  eom['.arinp  t.heory  with  ('X[>eriment  erne  winild  ehouse  the  l.arpent 
v)  valuf'  ninee  thin  cnie  will  rei'renent  an  elon*'  an  one  ean  eomi'  1 1'  the  for  ie.olated 
di’  fee  t.n  . 

Tilt'  9 v.aluen,  are  uiieful  t\'r  another-  re.anori.  itinee  we  tiave  ealeulated  i,'  for' 

1'  = eonnt.arif.  and  than  at  eon:'.tant  Fhli  eorni'l  i ariee  a eom['ari  n.  r:  of  i,J  value;',  between 
"lie  defeet,  arivl  anot.her-  i.-  mean  i tiy'ful  . Miun  ve  ean  eoru'luie  'irit.  -i  void  in  -il'.'it 
.’0  time;',  moi'e  effective  an  a ['inninp  een'.er  t Inn  a di  nloe.-it  i on  loo)'  of  trie  n.'ime 
.i  i aniet.er' . tint  -i  eaneadi'  in  -ibout  .'in  order-  ot'  ma/',ni  tu  le  Je;'.e.  eftt'otive  than  a 
d i n loea  t.i  ('ll  loo[>  of  roiiphiy  t.he  n.-'me  n i ;-,o  . .'itil  t.hat.  a Frenkel  I'a  i r nui'i'r  i e- i ne  ly 
in  only  about  a f.'iet,.'i'  ol‘  i lenn  i-t'feet.ive  than  'i  ,'f'A  d i n 1 oe;i  t,  i .'ii  U'.'i',  Th.' 


Ill  )i‘'ht  of  the  r'ee.'ili  t'ei  'pt.'ii  by  Pi'o  f.'n;:oi'  p.eh  i 1 1 i np  (p''.'vi.'nn  r'-in-*-'  tin 
ntit.ial;'.  ari'  mobile  an  i elunler  at  'i..'  K in  Nt'  thin  ren'il!  in,  1 ,'n.n  .ai’-prii'i 


1*  1 11*  .'f- 


spe.'irU-  pinning  i'ovc,-r.  nr-  u:;.'fiil  in  wiy  h..w.,-v.>r.  Th.'V  nv.Kn  lor-:'.  i t)  !•.• 

'I  Vf-ry  ar.-umt.ii!  compnc  inon  l-j'twr*‘ri  both  :-,uiiim:iLion  mo.iol::  :•  i mul  t.:uinou.- ly  . 'Ii'  n,.-ike 


.siu-ti  a comparison  it.  is  first  rr 


■cossary  t.o  make  os  t.  i m.at.'-r.  i.'f  t ho  o I oi:iont  a ry  intor- 


■iction  foivc’s  atsi  this  is.  t tio  suhjoct  of  t.he  tioxt.  so. -Lion. 


KhKMKNT.aRY  I N'i'KR.ACn ON  K'RC’K: 


Thore  aro  a larfo  na-.b.'r  of  pos.s.iblo  n;o.-!i.an  i sms  by  wiii.ah  .iofoct,  c.an  ;ntor- 
act  witti  tho  flux  lino  1 a 1. 1.  i co  | k’,  li  1 . lic.wovor  in  t,h--  caso  of  sm.all  v'ids.  .amt  .ns- 
location  loops  *ho  si  t.ii.at,  ion  is,  roasonably  clear  cut  ami  one  .-an  ol.aim  witii  .-..'mo 
.'ort.ainty  t.o  kri"w  what  t ho  pinninr,  moohanis.m  is.  Hoftna*  .i  i s'-us.s.  i nr  oa.-h  c'f  t hos.o 
cases  in  <iotail,  it  is  first  necessary  to  .liscus.s  t.he  structure  of  'he  FI  h.  In 
the  Ginsburr-LatKiau-Abrikos.)V  theory  [6!»  ,6‘' 1 th.'  supercoisiuc  ■ r is  ues.cribe.!  by 
•an  orcier  paramet.er  1',  the  square  of  which  is  pro]'ort  ional  to  the  .i.’ns.it.y  .'i 
s.uporcotiiiuct.i  nr  electriins.  If  1 is  .iefinei  as  the  otaier  patain:.-ier  in  s.eri'  tiel.i 
at  the  temperature  of  interer-t  .ami  li  is  .iel’Lm.ai  as  *'!>*'  laalu.aai  oiai.-r  I'.ara- 

meter  the  solutions  of  t.he  il  i nzbui’r-Ii.amtau  (apiations  in  t.he  mixed  L'.tate  produ.'o 

.a  periodic  'F  with  nodes  at.  the  vort.ex  cores  (flux  line  positions).  We  will  l.‘t  the 
symbol  represent  |v^|  and  siiow  in  Fir'ire  11  .a  ruip  of  w .at  b = . from  ‘.lie  ; ■ta’r 
by  Brandt- [ tib  ] . At.  the  core  of  each  vortex  is  a rer.ion  approximately  ttu'  cohi'ia'nci-> 
lenrtdt  h in  r.miiur.  t.h.at  is.  depleted  in  superconducti  nr  electrons  but  to  rises  t.o 
a maxiniimi  v.a  1 ue  .apptaixim.at cly  midway  between  t.lu’  vortex  c'res. 


I'islocation  Loons:  ftrain  Field  1 ntei-.ac  t i .uis. : 


Acconif  .any  i nr  this  sp.afi.al  modulation  of  w .are  nKaiulat.  ii'iu;  with  t.he  s.ame 
period  i i t.y  in  t.he  V-'liimc-  ami  the  ('lar.t.io  lauist.-aiil.r.  of  the  .•ry  s.  t a ! [ !^ , e';  ,t -S  ] . in 

t.he  corn' of  t.he  flux  line  t.he  crys.tal  is.  slir.htly  ilens.cr  (by  .about-  1 i pm  in  Rbl 
and  s.t-iff.'C  (by  about  100  ppm  in  ilb).  The  v.'lume  modulation  r.ives  ris.e  t .a 


- J /- 


I-riiMiic  ;U.tv:u:  1 .i  [ , Yf>  I • A .'U.'h  .-i  d i ;;  1 . ..-rit,  i ti  1 ■<  | th'i*  l'.  - 

■I  i'.tfaiii  fi.-M  in  tin-  . • ry;:  t,a  1 Int.lic-  will  iril.T'a-'  wii.h  I li--  r!.!,  via  tii-  i ti‘ ■ 
actii'ti  lu'twt'en  that,  st.faiii  I'iclJ  ■iiui  t ha  a.taaa:;'.  fiald  ol  Ui<’  Mil.  (t.liia  i 'h-- 
•al  Uai  ['arflai'.t.ic  or  fir-at  otaler  i iit.oractii'iil  7.’ 1 ) ■ It-  ' iHna'itlf  ; -r  Mk-  h - 
f.H-t.  to  intaraot  with  tha  Fhl,  via  the  dielaatic  or  r.eeoiui  order  i iiiera.- 1 i on  1 7 i 1 
tietween  the  I'laat.ii'  modiilu:;  modulation  of  the  Khl^  -and  the  r.i)ua;'o  of  t.he  r.t.r.-iin 
fif'ld  of  t.lie  lie  feet. 

Tile  firr.t  order  int.eraet.ion  betwt.>en  a dir.loeation  li’op  and  t.iie  i Iih  war.  eal- 
■ anated  by  Kr.'uner  [ TO  1 and  by  ['ande[Y-i).  Ttie  dielantio  i!,terae‘ion  bar.  alr.o  been 
•aleulat.ed  by  Kramerfi'O]  foi-  t tie  dir.loeation  loop  .and  it  bar  .-ilmert  t.he  rr.tiie 
dependence  Oil  1 oop  diametef  a.r  t iie  ['.'ire  1 a.d,  i e interaction.  .’>iru'e  the  {'.aia' 1 ar  t.i  c 
int.eraction  predict:;  an  at  t I'.ac  t,  i ve  interaction  lu'twei.'n  .an  ed/;e  dirlc'cat  itu!  and 
a flux  line  core  in  a/’.reetnent.  wit.h  direct  experinient.al  obrei-vationr  by  Herr-inpl  fli 1 
it.  mi;'.t.  be  romewhat  larper  than  t.he  dielartie  int.er.action.  Accoiai  i np  ly  we  ;;hal  1 
ure  the  rorult.:;  of  t.he  [ireiartic  calcul.ation  to  determine  f . Oince  the 
dielart.ic  i nt  erai’t.ion  ir  of  oppcirit.e  ripn  for  .a  rmalJ  interr.ti  ti  al  loop  (the  loop 
is  attracted  to  the  flux  line  core  by  the  :arelart.ic  intcr.action  and  repelled  by 
the  diela.rtic ) t tie  lare’arl.ic  f^^  will  if  ,an.yt.hinp  be  an  overe.r  1.  i mate  of  the  true 
f for  :;uch  loop:;  .and  .an  underestimate  of  the  true  f for  :;m.all  v.acancv  looir. 

r P • 

A map  of  the  interaction  force  for  a dislocation  loop  in  a pl.ane  perpendic- 
ular to  tlie  ma/tnetic  field  is  shown  in  Kip.  1?.  The  crosse:;  represent  the  positions 
of  flux  line  cores  .and  t.he  contours  represent  t.he  locu:;  of  all  pi':;  i t.ions  .'f  the 
loop  where  it.  will  experience  tlu'  same  t.ot.al  force.  Ih'caur.e  of  the  train;  1 atd  on.al 
s.VTjr.'.'try  c'f  t tie  KIl,,  the  f.’rce  exert. ed  by  the  loop  is  pei-i-'iic  with  its  po:-.ition 

in  til.'  KI.Ii.  ’..'e  will  t .ake  t.he  maximum  value  f of  tdie  interac'ion  force  to  be  its 

!’ 

value  at  X = .a  /.'i,  v = 0.  The  dependence  of  f on  ,1  i s.  loca  I i . ai  leer  raiius  is 
o ' P 


k. 


d i u 1' )c-al.  i (-’II  in 

n 

t.o  L'^  lui*.  !'(‘?ich('::  H 

r only  i.'  I'lott.  ’i  i 
P 


<1.:  slu'wn  in  Fir-  ! '!  w!  • re  c;i  1 v.-iliK-n  :iro  thorn,  for  a 

nicl’i  lui’l  I . For  Inoj.:;  i n’T’-nrc;;  prop,  j-t,  i onn  1 

rii.-iximiiin  an  I re vcrnor,  nicn  for  lar/V""  I'jonr  (the  mar.nit.iJdc  of 
n thin  firm’.-*).  Pand(‘[  har.  r.hown  t.hat  t.hia  L (ici’onuc’n'  . 


in  riven  .ana'ytic.ally  by  lU  ( ik  D)  whore  u in  a conntnn'  , •»'-i  .1^  in  a 


Besnel  I’unction 

f for  loops  in 
F 

of  the  detailed 


of  order  otii’.  It  in  to  be  eiiiph.an  i zed  that  tdie  II  dcl’cndence  ot 
a property  of  the  dink-like  nymrn.'try  of  the  loop  and  in  i n d.  | endent 
j nt.eraction  tneelKininm . 


Voi’is:  Core  Interaction:;: 


While  there  is  n..cn  for  doubt  ,<ibout  tiie  relative  m.arnituden  of  the  two  strain 
field  interactions  with  the  FLL,  the  int.’raction  meclianinm  of  small  voids  witli  the 
FLL  is  clear [:?,  3,2ii  ] . If  we  consider  an  isolate  i vortex  and  create  a snail  void  in 
the  supcrcon  due  tor  far  frorr.  tin  vortex  whf'ro  ij  = 1 , we  nii'.it  'destroy  suj'ercondu  ■— 
tiv'ity  in  the  volune  V of  tlie  void  and  ;.o  : o;-c  the  nupercenduc I i np,  oondeusa'ion 

■5 

energj,'  hii^H^^V.  On  the  other  haul  if  ♦ he  void  in  at  the  vortex  center  u'  = 0 'uid 

there  is  no  energy  penalty.  Clearly  there  will  be  an  attractive  interacti  ai  b’’- 

tween  a void  and  a vortex  core  with  an  enerpy  of  interaction  K.  = Fu  H t. 

1 n t o c 

Since  u)  risen  to  I .at  about  one  cohoi'ence  lenpth  from  the  isol:ite.i  vortex  cere, 
the  elementary  interaction  force  i:’’  approxi  mat.o  ly 

f : Fu  Hc^V/f,  (IP) 

P o 

This  expression  is  used  b;y  I''r’-’yh.ardt[2^i  ] to  compute  the  order  <■!  n.ap.ai  tudo  . 

f for  voids,  lie  found  this  core  pinning  interaction  to  be  much  latver  t.ban 
P 

the  parelastic  or  dlelast.ic  interaction  between  the  stress  fii'lii  of  a void  iui’  to 
its  intrinsic  surface  stress  iir  the  nt.resn  fi(?ld  du.'  to  p(.’SsiMc  depict  i.ai  ,-r 
.accretion  of  solute  from  or  to  t.he  void  surf.aco.  It  etui  al:;o  be  .arpu.'d  that  fi’f 
.small  voids  ''tiy  p'.’i'' ■..’•ha  *.  i ■ ai  • the  mapnetic  fii'id  (and  thus  iie  r.aenct  i c enetay) 


-.•I  - 


;■  thi'  s.v. i-v.')'  '!if  ) ■■nct.i-il,ion  .icpt.h  n i.-;  I ••  '-y 

Any  i nt,er:i,-t  i. 'ri  f\'f  -i  voi  I will  b.>  -mnl'-'t-  * h-m  U..'  .-M'-f  ini.-f- 

Hction.  To  i-'iiiput  Ml''  vuiJ  i nt,i-f;u-t.ionn  wit.li  the  oorr  in  th.'  flux  I i ri>'  1 -t  i ' i 
Uie  local  free  ciierpy  funcLion  propi.);-,cci  by  Campb'cJ  1 ami  l■.Vl't.f  j can  bo  u;;<’<i. 

K = '.p  II  - (.r'’  I + 'j|i  h'  0 

■ o c o 

where  h i c t.ho  local  ri(>lii.  We  find  an  do  Cainpbel  1 and  Kvo*  d r.  lha*  ‘.he  nor.t 

O 

iini’ortant  term  is  bp  h f.  V The  vort(*x  lattice  has  low'-r  ouwry  i 1 the  voi  1 

‘ O (' 

is  at  points  of  }xa;itiv('  I’urvaturc  of  u',  i.e.,  the  vortex  cores  | si'c  rirnro  111. 

than  in  betw(!cn  the  voids  wht're  there  is  noRativo  curvat.nrc.  1 1 wi'  I'eria’sent.  Mv 

void  by  a funct.ion  V(r')  which  is  1 in.sidi.'  I.hc  void  anil  zero  o\itr-ide  ot  i’  , ‘ho 

interaction  enerpy  as  a function  of  pt'sition  r in  the  HI.  i p.ivi'n  by  t no  into.-'!"!! 

E.  = - bu  lic'V.Vl  V(r’ )V‘do(r-r’ ) |dr'  O'* 

int  o — 

This  integral  may  be  evaluated  usinr,  Fo’uricr  transfonns  .'.hown  provi  ous  ly  [ 'j  ] 
and  differentiating  to  find  the  int.craction  force  wa'  ari-ivo  a‘ 


f = '2U  H ‘ (1-b)  -^[sin  k (x  - -^)  + sin  k (x  + 

X o c 2 * ^ o * .-s 


{I'-al 


‘ t >' 

raisin  k (x  - - sin  k (x  - *>=)  + f sin  — 


f = 'A‘  II  ' (1-b)  -diTrlsin  k (x  - -if)  - sin  k (x  - 
V o c •!  o t 1 o ‘I 


] ( 1 “'b  ) 


where  A = f,^k  ^ — J d . / , ( g,  11/ 2 ) . Heta^  k = Pir/.a  , p is  the  magnitude  of 
9 o gj  ^ I D V<  I o o 1 

t.he  priirdtive  recipi'oeal  lattice  vector  of  k'l.L  (g  i,'ipualr.  ' and  d , , ,,  ( g P/,'' ) 

1 the  Pese.el  function  of  ordi-r  If  we  evaluat.o  t.he  int,orac*ien  foi'ce  at. 

X = a / ^,  V = 0 tis  before  we  find 
o 

f = '.11  II  ' ( l-b)A  IK 

!'  o c 

Equatiotis  15a  and  1 tb  for  t,ho  void  givc-s  the  same  interact  ioti  force  m.ap  shewn 


previously  for  the  disK'cat.ion  loop  I Fig,.  If]  as  indooi  will  any  U-f'Cl  with  radial 
symmetry  abou‘.  t.he  map.net. ic  fioKl  d ; i-ec  I i on  f 7(1  ] . It  is.  a 1 .a'  obviou.;  I'lvm  F- 1 . t 


( h'lt,  t h(?  i ntor-ic’t  ion  fot-c*-  c i;-,'- i ! 1 wiM  l(i<-  I'i’ri  "tn-i',,.  ■.  Mi'-  i..i.,  tli< 

II-.' i'lC'.M  III  Ler.'i-iti  II*’:  [vni'-iv"  nri  1 rien'itJv'-  forci*:;  .'i;:  it.  novr,  Mii-  i.:n  H.',.. 

For  very  '/oiiin  F).  iC  r>  lu'-'.-i:  to 


f = r/i  ■'ll  H i-b)v 

p 9 ( ' o o 


( JY) 


This  is  essentially  the  .'-.ame  oxirescion  found  by  CamibeiJ  and  F-;etts[r]  and  at 

h = .55  it  {'ivcs  results  within  a faotor  of  l.d  of  the  values  computed  from  K.).  11 

by  Freyhardt[2U]  and  Koch  et  al.[25j  for  an  isolated  vortex.  'I he  deiieii'lence 

of  f on  void  diajr.eter  is  shown  in  Fip;ure  1 The  elementai’y  interaction  lore? 

P 

increases  as  correspondini^  to  Eq.  1 T for  small  D but  th'-'n  reaches  a m-ixi....i.m 

O 

and  decreases,  actually  chan/'inii;  sif^n  at  D ~ lOOOA  loiily  the  m.'i/'nituie  ol  !_  is 

shown  on  Figure  ll»  1 . The  decrease  of  f^^  to  7.ero  1 cor  respon  i inr  to  the  zer-s 

of  J^^^(g^D/2)  ] has  a simple  physical  interpretation.  At  certain  voi'l  d iarn'Cter.- 

which  depend  on  the  FLL  spacing  a^,  when  a vortex  core  lea'/es  the  void,  another 

one  enters  the  void  and  there  in  n<3  net  change  in  enerftV-  hone  of  the  voids  in 

the  experiments  discussel  are  this  large  hut.  the  f^^  for  some  of  the  largest 

voids  must  be  decrease-!  somewhat  from  the  value  predicted  by  E^.  17.  Finally, 

it  should  be  emc.'-iasi zed  tiiat  the  f computed  for  small  voids  from  the  core  i.ntei-- 

P 

.action  must  be  considered  to  be  the  most  accurately  known  of  all  the  elementary 
interactions.  It.-,  ni-tcii  i * u-1"  '•■>mput.ed  hei'e  sliould  not  be  ”■  r"  tlnn  a 
factor  of  two  removed  from  the  correct  value.  Certainly  there  is  no  question 
that  it  is  proportional  to  the  volume  of  the  void  an  long  as  tlie  voivi  is  small. 

In  passing  we  note  that  one  can  compute  the  core  i nter.-ict ion  witli  a snrill 
disk  or  cylinder  shaped  void  or  precipitate  oriented  normal  *o  the  field  direct  ion.s 
using  the  same  method  as  above.  Epiations  l'-17  hold  if  A is  new  given  by 


( 1 '0 


A 


where  is  t)ie  Bessel  f’^iiction  uf  orii>-r  !,  t is  the  tlii  ••Kriers  of  t.he  lisK  (o: 
length  of  the  cyl  i n-ler ) in  the  field  dir-'.-tion  and  D is  the  disk  di.-uneter.  How  to 
compute  tiie  elementary  interaction  forces  for  the  cascades  and  Frenkel  pairs  is 
much  more  uncertain  althougii  attempts  at  order  of  magnitude  calculations  have  been 
made[l5 , l6, 7 ] . Vv'e  will  defer  discussion  of  the  f^^'r  for  tiiese  defects  until  afte: 
we  have  compared  the  sunur.ation  models  witli  experiment  using  the  void  and  disloca- 
tion loop  data  which  will  be  the  subject  of  tlie  next  section . 


lOMPAi-.IUG  SUI-C-lATIOn  MODEL.'i  WITH  EXI-EBIMEHT 


We  first,  make  a plot  of  specific  pirnirig  force  versus  lislccaticn  T.;or' 

diameter  and  place  on  this  plot  lines  which  represent  the  tw'o  sumnuation  models, 

2 

i.e.,  Q = f for  direct  summation  and  Q = Cf  for  the  statistical  suiwiiation. 

P P 

, Q -1 

For  Ifb  at  b = .55  and  U.2K,  C ' i .2x10  IJ  . T!ie  results  aj-e  shown  in  F igijre  15 
and  demonstrate  that  altiiough  the  dislocation  loop  specific  pinning  force  depends 

o 

•ipnroximatelv  on  f as  f as  predicted  by  the  statistical  thooi-y,  tlie  magni- 
P P 

tude  of  Q is  alout  three  orders  of  magnitude  larger  than  predicted  by  the  i.lieoi'y . 
At  the  larger  dislocation  loop  sizes  especially  the  magniturie  of  Q is  closer  to 
that  predicted  by  the  direct  summation.  Even  more  disturbitig  we  observe  that  if 
Q continues  to  increase  .as  f ' it  will  .apparently  cross  and  become  greater 

o 

than  the  direct  summ.ation  line  at  a dlsloc.ation  loop  di.ameter  greater  than  500A. 
As  a final  Jarring  disagreement  between  the  statistical  theory  .and  experiment 
we  note  that  by  combining  Eq.  6 and  K<\.  11  we  can  determine  ttie  value  of  Q tint 
will  satisfy  the  t.hreshold  criterion,  i.e. 


ini  II 

F’or  niobium  at  H.2K  .and  b = .55,  G.  . ~ 

mi  ri 

tile  experiment.al  Q values  are  from  5 to 


1. C  „ , ..t. 

e t ! o 

2. ''XlO  a gl.am.'o 

P orrt-'TM  of  magrii  t.ude 


at  Fig,, 
f-rial  ler 


(1^) 


15  r.'vt  alr 
‘ nan  . 


In  tills  range  tiie  st.atistii’.al  Uieory  iredi.-ts 


tli.at  wo  siv'Ul.]  measure 


Fif.uro  l'>  i-.howi^  Uie  i-orrf';5pondi  tip,  pF  < of  Q I>  f'  r voi  !r. . 'Uic  d.-p*'nd 

.-iirt*  of  on  I)  in  l>  \ not  ar.  in  Urn  .ii  ;■  l.K-at,ion  loop  caro.  The  dat.a  do  i,o‘ 
run  parallel  to  either  the  f^^  or  the  Cf^^^  line  over  the  whole  ranpe  of  void  diam- 
eters. Rather  for  small  voids  the  .iei'endeuice  seems  to  be  approx i mn t- 1 y as  -.he 

V?  power  of  f with  the  power  decreasinf'  to  somethinp  close  to  one  lor  the 
P 

larper  voids.  As  in  the  case  of  the  di.slocation  loof>s  the  mapnitude  of  the 
specific  pinninp  force  is  between  the  predictions  oi  the  tw-^  model.'-  -ui'i  i .j  . . ■*  - 
what  more  closely  predicted  by  the  direct  siimmation  than  by  t.lie  statistical 
the.)ry.  Also  as  in  the  case  of  the  dislocation  loops  most  "t  (.h-'  rpe.- i fi  c piu- 
ninp  forces  lie  below  trie  threshold  criterion  ana  all  of  tit--  c-o!  "ula'.'' t .■  I ■■m.-ntary 
interaction  forces  lie  below  the  thre.shold  criterion  usinp  f^^  -i-s  a b-isis  (Kq.  (j ) . 

Before  attempting  to  modify  either  of  these  theories  to  account  for  the 
experimental  data  we  must  first  have  confidence  that  these  dat-a  are  correct,  par- 
ticularly' the  f values.  Vie  can  in  fact  make  a consistency  t.est  witli  the  data 

at  hand  since  tne  f 's  for  the  ilislocation  loops  and  those  for  voids  arist?  from 
P 

two  totally  di  fferent.  mechanisms  and  since  t.he  Q values  of  t.he  lai'ge  dislocation 
loops  and  for  the  small  voids  overlap  (c.g..  Fig.  lO).  If  both  comi'utat ions  of 
f^  are  correct  a plot  of  specific  pinninp  force  versus  f^  should  yield  a single 
master  curve.  Such  a plot  is  displayed  in  Fig.  17.  The  superposition  between 
the  two  sets  of  data  both  in  terms  of  slope  and  magni tu  le  is  close  to  being  per- 
fect. One  cati  now  think  of  this  master  cu>'ve  as  the  experimental  solution  to  the 
.summation  problem,  a solution  t.hat  cori'erp"nds  to  neither  the  statistical  theory 

or  the  direct  s'utmation.  At,  low  f 's  it  parallels  tiie  stat.  i ,st  i cal  t}ioi)r'/  (Uiere  i.s 

I' 

a hint  that  it  becomi'S  even  steeper  at  ttic  lowest  f ’s)  Init.  is  displaced  up'ward 
2 

from  tiie  Cf  ' line  hv  abcMit  7 orders  of  mag.ni  t.ude . At  itig.her  f 's  i i.  'urvcc.  t.o 

p • - p 

a progressively  smaller-  r.lope  until  ,ai  t.he  hi/’,her.t,  'j,'-"'  ' rnii:'.  p.'ir"il!''i  the 
direct  summation  1 i tar  .'itid  'urhievee,  a mag.ni  tude  t.hat.  is.  only  a f'lct.or  1 t.k->  1 I"-!',  w 


the  m-ifini  tuiie  of  the  apecific  pinning':  for  ■■  prciiirted  l>y  (he  .lif-ct  fojmm'i '.i  ou . 

How  aec-ur;iteJy  do  we  know  the  f^^’s  on  this  master  curve?  I wilJ  -tTrne 
we  know  them  now  accurately  indeed.  Since  we  know  that  the  lar/'.est  hi-,- 

interaction  meciianism  for  small  voids  is  core  pinninr  and  .-.irK-e  all  calcula'-n.' 
of  the  core  {dtining  f^  pive  essentially  the  same  answer,  wt;  knt'w  the  .01  (ii*- 

small  voids  rather  well.  Min<;e  the  large  dislocation  l(jop  Q's  ami  f^  's  ove'-lap 
those  of  the  small  voids  wo  must  also  have  computed  the  magnitude  of  the  stress 


field  interaction  between  the  large  dislocation  loop  and  the  I'LL  accurately. 

Finally  once  one  poitit  on  either  the  dislocation  loo;'  f vs  P curve  (lig’ire 

or  the  void  f vs  D curve  (Figure  lit)  is  established,  comt'uting  the  f for  anoUie 
P 

v’oid  or  loo;)  is  simply  a matter  of  determi  rii  tig  the  geometry  of  the  defect  and 

scaling  approximately  as  D'  for  the  void  or  I)  for  loop.  Thus  the  ;)Oint.s  ioi'  the 

larger  void.s  and  smaller  loo;'s  are  accurately  determined  as  well.  A last. 

consistency  check  is  that  none  of  the  specific  pinning  fore*'  points  lie  ahc)ve 

the  direct  summation  line.  But  note  that  if  the  master  c’lrve  in  the  void  regime 

had  not  bent  over  to  a lower  slo;'e  but  instead  had  followt'il  the  extrapolation  of 

the  dislocation  loop  data,  the  f 's  for  the  largest  voids  would  have  exceeded 

P 

the  direct  simimation  by  at  least  an  ortler  of  magnitude. 


DISCUSSION  OF  SUMMATION  MODELS 

It  is  now  ap;u’opriate  to  discuss  where  the  summation  models  go  wi'ong  and 

in  what  directions  we  shoulii  go  to  find  a t.hoory  which  can  accoutil  for  the 

empirical  summation  master  curve.  Since  it  is  not  difficult  t,o  tiiink  ■ f many 

reasons  why  the  curve  should  fall  below  the  direct  sumr.at:')n  iii.e,  u;-,  ta  ncet.- 

trato  on  the  statistical  thoorv  of  Labur.ch.  We  will  find  that,  the  f ' de;ie!uience 

F 

of  F is  in  fact  an  art.i  fact  of  the  pinning  ;'otential  curve  '■tbu.e-h  ch.ise.  |,.  t 


ir,  start,  by  obscrv  i ri?:  from  Fir.  W tJiat  'b  - ‘ru..  ran,-'-  of’  v.-.liaity  t.!ie  Lataiscti 
theory  ir.  strictly  .limitci.  Ftrictly  r -ik.  i nr  it  carm-.t  aiily  b-l  w ‘he  ‘b.c-.-h.  ! i 
.T-it.erion  or  an  f of  ^txlO  n ; n arri  it  ccri.ainly  i-annot  aiiO.,  .ib  j< 


crviterion  or  an  f ^ of  ifxlO  [j  j,,  i,  iobitii.'!  arri  it  ccri.ainly  canno  a)  i.  .1;  j< 

an  f of  JO~^N  because  an  <?xten::ion  of  the  Cf  curve*  will  tu-in;;  it  above  '.he 
n i 


• iirect  summation  which  is  clearly  impossible.  llie  Jeiv>nd«*nce  Labur.ch  o:  tains 


is  intimately 


connected  with  the  threshoM  criterion  and  his  ctreice  <d'  a pot.on- 


ial  function  to  represent  interaction  enero’  hetw(?en  th<*  pin  aii'i  the  flux  liin* 


lattice.  He-  chose  a siriftie  potential  well  for  which  the  ener/v/  was  zero  tor 
l <j>/3  d where  d is  an  interaction  distance  from  the  center  of  tin*  w 1 . Wh>*i.  this 
function  is  differentiated  to  obtain  ttie  fon-e  of  the  delect,  on  tiie  Mb,  th'*  I ver- 
sus X curve  has  one  posi  tive-f'oinr  maximum  and  one  n* -ra  *.  i v- — p.oi  nr.  rr'iiinum  and  tiicn 
roes  to  zero  for  large  |x|.  Gomewliat  more  simple  wells  are  considered  by  Uilm’iicr[-| 

and  LcweJltTTl;  both  derive  the  same  d.u.eii  i.e,.-'' . ;u-ii  a I ^a:i  i i •;*.• 

cannot  correctly  represent,  ttie  interaction  of  the  defect  wit.h  tlie  Hd.  since  F ant 
f are  periodic  functions  witli  the  perioiiicity  of  the  F’liL  (see  Fig.  12).  F’Uch  a 

.me  dimensional  periodic  well  is  shown  schematically  in  Firure  1 8a  aloiir  with  ‘ la- 

f vs.  X curves  derived  from  it  as  the  sti'ength  of  the  i iit  (>rac  t Lon  is  j ror  res.',  i ve  I y 
increased  (Pig.  l8b,  c,  d).  The  potential  is  chosen  such  t.lrit  tin*  f vs  x curvi's 
are  simple  triangular  functions  for  simplicity  but  that  choice  is  not  essential 
to  the  argument.  Let  us  place  the  well  at.  an  initial  random  posLticn  x^^  with  res- 
pect to  the  FLL  and  then  turn  on  the  interaction[T8] . Th'*  I'i.L  will  be  displ.'iced 

by  a displacement  u according  to  t.he  eijuation 


k u = f ^1  u 
d x ' 

^o 


( O'l  ) 


*'■  -(df/dx  ) 


(.'Ob' 


* L'lbusch  [ b'f  ] in  f*u*t  r'‘cogu  i sed  this.  in'!'''r  limit,  and  ilevidei  .■  1 .-i  "flui  1 
,appr'.  ix  i ma*  i ' Ti"  for  a hi/’hly  dist.ort.e.i  t'lux  l.*i1,ti.'e  wiiich  cfniiges.  ' t'e 
in  Kq . f. 


A::  I >M/'  'i;'' 


«ht're  k ii;  Mi<“  i-.frin;':  of  th''  F'l.f  (lo|-  f)- 

ovoryvhofo  otu'  o.-iii  alwty;:  fi  nrJ  an  inilia)  i -rition  :•<>  Ilia'  Mio  M,'.  i ii.'- 

placed  to  an,y  arbiti-ary  fioaition  x ^ witti  fo:;[.i,ct  to  thr-  lioff-t.  fin-.,  t ||.- 

wpII  in  nyrnnii'tric  wit.ti  rospeot  to  x = 0,  in  t lio  final  nt.at.o  «'!i)i  i 1 ii,'  n.  . 

of  randomly  Initially  iionitioncd  pinniiif:  center:;  t.here  will  be  ,’n;;t.  a.;  I'.a'.y 

positive  as  nerative  force  interactions  in  the  displactal  position  aiii  t In-  * -I 

integrated  force  F will,  be  zero.  I’uch  a wt>i!  is  below  the  t Ina-'.'-iiol  d cril'  ii"i. 

an .1  is  shown  in  Fig.  1 8b  where  tht^  slope  t>f  the  da:;h(?d  1 iri’’  ro[  r*e.-ent.:-.  ■.  If 

|k|>|— las  in  Fig.  1 8c  there  will  be  a rer.i'ni  of  the  well  wh--re  * he  I'.' !■  cannot 
' ■'  'dx' 

come  to  rest.  Assnmf'  a Fhl.  s b’  inr  M;;;h"l  !■  h"  I'd-  (-.•  -ii’  ' 

forc<'.  If  for  a particular  de>fect  the  inaximiu!i  f is  exceeded  1 lie  Kl,l,  i mmed  j at  ..>1  y 

, lumps  to  a now  position  repre;;ented  by  the  i ntorsectien  of  the  dashe  1 liiit' 

with  the  f(x)  curve.  No  Fl.h  position  betweeti  the  peak  IV.irce  and  that  int  e;a;ect  i .!i 

is  stable.  Consequently  an  integiaition  of  t.he  fona*  ii-'.'vi  i’-i  by  the  well  oye:'  all 

possible  stable  FLL  piositions  results  in  a net  positive  furce.  The-  i n‘ (-('fit  iiui 

is  from  some  minimum  force  f . determined  liy  the  i nt.ersec  t i on  t t.he  m-iximiu-i 

mil 

foT’ce.  In  the  single  potential  well  used  by  Labusc-li  this  minimum  force  cnni.o'  l-i’ 

(i  r P 

positive  and  for  ——  >>  k this  leads  to  F “ f . For  a pi-riodic  well  h -wever 
dx  p p 

f . can  he  greater  than  zero  (see  Fig.  l8d)  ami  in  f-ict  api-roaelies  f foi' 
min  P 

>>  k • Under  t.hese  ci  rciuns  t.ances  F " f . If  we  pri'ceed  ti'  analyze  t.he  probl'-m 
d X p p 

in  detail  as  outlined  in  ULlmaier's  book[3,  [> . 'i8-60 1 w>-  find  that.  Q l\ir  t he 
potential  of  Fig.  l8  is  given  I'.v 


Cm  ) 


where  f.  is  the  tlireslioLd  f (for  this  1'  = k -i  /h  = la  ’ n 'n  tiu-  ■-■th--r  tiand. 

t p to  cel. 

using  a single  well  a..-,  balmsch  diii  we  g.et 


-.V- 


'’lotting:  two  ruiictit'ti:',  on  ;i  >>f  '■i  vcr.jijs  wo  ,"o'  t iio  oni'Vo.;  r.n  'Wii 


cm  Kir.ure  !9.  Tlie  rorreot  no  1 lit.  i <'ti  for  th<-  [leriodit-  wo  I!  rinr.'.  n.t.miil.v  it.  vo 
tti»>  threnhold  ••iml  Uiori  licoomon  .inymi't  ■ d i >■  to  tho  din-rt,  > ii  lor  ;in  1^^ 

■■iboiit  one  Ofdor  of  imit’initudo  nbc'Vo  tho  tti  for.lio  1 d . 'I'lioro  ir.  no  oxtondod  i-/  ion 
ovor  whirti  ir.  proport  lonri  I to  f^l’ ! Althouf'h  Uio  r,onor;tl  r.tiapo  c'f  Uiir,  onrvo  i r. 
r.imilar  to  tlif  experimont.nl  m.nr.ter  curve  the  nppi-o.nch  of  t.ho  m.nr.tor  curve  to  n 
line  appi-oxi  mutely  pnrfiLlel  to  I lie  direct,  r.unun.nt  ion  i much  more  pi-adun  1 und  taker, 
place  over  at  Leant  three  d.'caden  in  f^^,  Kipure  1 i' . A 1 no  we  nr.>  rtilJ  1 e I't  w i t.h 

'.he  fact  that,  tiie  threshold  f^^  would  have  t.o  he  dinptaced  down  to'  at.  leant  below 
-1 1 

10  N. 

One  ponr.i  b i i t.y  that  can  be  dincardeci  in  that  the  reca  1 cul  .at  ion  of  the  I'Ll, 
elantic  conntant  by  Hrandl.  will  proiuce  enouph  d i n.j' l.acenient  of  the  threnhoM  to 
account  for  t.^ie  d i ncrv'pa/K’y . .'’climuck er  .and  Prandt.['il  ) tinve  r>'d.'t  ermi  ne.i  n ,.j. 
uniiu’;  i'randt'n  theory  and  the  tine  repi-enent.  i rpt  the  reca  1 cu  1 ,n  t eit  for  lib  at 

b = .'j  and  ii.d°K  in  r.iiewn  in  Kip.ure  !(’.  Ther’e  in  only  a nm.a  1 1 chanp:e  in 
and  a nmall  nbift  of  tiie  thrcnhold  criterion  at  tliin  b;  at.  larr.er  b however  t lie 
diffei'enoe  in  mucii  '-eater. 

Another  por-nit’li’  way  tii  circumvent  t.tic  thri'r.hold  criterion  in  tho  one  iirnt. 
nur.per.ted  by  Kiet,.-  and  Webl'[llll.  Tlu'y  arpued  t.h.at  pcrhapn  rreupr  of  elementary 
pinn  nlu'uld  I'e  i-nnnidered  an  r.upo  rp  i tin  i nr  ctniti'rn.  Tt'  move  the  l.hrenheld  down 
5 ordern  of  nnrnit.ude  would  require  the  bundlinr  of  10  iefectn  into  a ririi'le 
nupercenter . ihi.-h  a pin  would  have  dim.'iinionn  no  larr.e  it.  coiiM  no  lour."!'  be  _ 
rideri  i a p'int.  pinnitir  cent  er  [ f 1 . . It.  in  a 1 r.o  difficult  t.  ’ iiinrine  r-uclt  a 

nechaninr  rivinr  nine  t.o  a ll  t.li.at  in  independent  of  pin  dennity  .ni  a mar-t.er  i-urve. 


Tlu>  most  ri’alisUi-  por,i3  i hi  1 i t..v  is  Un«  Kh  ,J  i lo.-at,  i i !-U,  i Mi" 

rffecU  ve  ooiiiflianc*'  of  Uic  Khh  so  as  to  icrinit.  tho  Mirosho]  i oi-it.-ri  ti  t:  h- 

ful  filiedi  YB]  . If  we  consid'.T  a one  d i men;',  i ona  1 mo<]el  of  Uie  KI.!,  (!-’ir'i.-e  :’o)  w 

can  tiiirik  of  nearby  .li  s I oeaf.  ions  as  weak  sni'in;';'  in  that  .-Inin  of  vorti,.,-::. 

Tiie  howin/'  out  of  tiie  i s I ocat,  i on  in  res(n  iis.t'  to  f^^  will  pive  a .-nri!!,'  e ns'anv 

k which  is  inversely  proportional  to  the  -1  i s,  locati  on  lo'U)  lenphti  s.piared  ami  uir. 

proportional  to  the  line  tension  of  the  dislocation  which  in  turn  is  i>ropori.  i >n-i  1 

to  /c7.C,V  fY‘H.  Thus  the  stiffness  of  this  "weak  sfirinp/'  would  essentially  have 
nc>  44 

the  same  map;netic  field  and  temperature  dependence  as  of  the  perfect  Fhh. 

Furthermore  since  different  pins  will  be  at  different  distances  from  liislocation.-. , 
the  effective  k will  vary  ^'reatly  and  some  pins  will  be  aljove  thrc'sliold  while  some 
will  be  below.  As  f is  increased  the  ap[!roach  to  the  direct  siimmalicn  will  be' 


P 

rather  gradual  as  observed.  Finally  the  Fh  dislocation  hyi'othesis  offers  a way 
to  explain  flux  lattic-e  history  effects  or;  F^J  30- 11’ ] • Interr'st  i ugly  Kupff'r  anl 
dcy[3p]  find  that  very  strong  pins  do  not  show  flux  lattice  hist.ory  efl\-'ts.  Ttr' s 
observation  now  can  be  understood  since  these  are  already  almost  1 ' ‘he  ilirect 
surrur.ation  line  and  their  contribution  will  not  he  affected  nu -h  by  i ncrtvi;'.  i nr 
the  FI)  dislocat.ion  density  and  thus  loweritig  the  threshold  f^.  While  much  work 
remains  to  be  done  to  make  Uiir,  F[,  dislocation  hypothesis  a quant  i ‘ at,  i ve  mo  h>l 
T believe  that  it  is  the  most  promising  tlieoi’et  i ca  1 direc'ion  in  whiidi  to  seek  the 
answer  to  the  low  threstK'ld  criterion. 

i’inaily  it  siioul.d  be  not.ed  that  any  I’elaxation  of  t.he  elastic  .-oai- 1 :-ai  ;i‘ s 
present  in  the  infinite  Fhli  will  have  the  same  effect,  as  i ti‘ r ■ lue  i ng  -i  wak 
s[;rinr.  In  part.icular  the  presence  of  a free  r-ui'l’ace  parallel  p.  the  flux  li’i'- 
should  h.ave  t.ht'  effect  of  di'as.ti  cal  ly  deiMavisi  iig  tlie  ('ffeclive  K for  the  FI, I,  at 
pins  near  t.he  c,urface.  There  is  cons  i deiaib  1 e cvi'lcncc  in  t.ln'  1 i i.i  T.at  u;-e  [ BO-B  1 ] 
which  suggec.t;;  t.hal  dcfeei.s.  ne.ai’  a s.urfac;'  are  more  el'fi'cfivt'  in  pinning  '’i.av. 


- -;i'- 


Q't;  Ui.-in  t.h(<n«'  in  thn  bulk).  <'ur  ‘V  nn  at  (;')iai<‘ll  tja;-  an  .-xi . i r-  i. ' 

in  wiiicti  we  tunibron  i rra  i i;it,C'f  triangular'  'ib  |'ci;;m:;  at,  ’•>  • .n  • i-fri'i 'fi  ‘ a-'' • ti  I ■ ’-i 
(iisloivitii'n  loop;;  and  moasiifod  t bo  anisotropy  of  tiio  criti.-al  rnrr<'nt  witli 
respoot  to  ttie  anple  bot.won  Iho  mar.not.ic  fiold  direction  an!  cnic  op  Mi"  t -i  •••.! 
of  the  prism.  'Hie  of  ttie  cus'rent  peak  when  tije  Pie!  i is  p'lr'il.el  t.' ■ t -i 

is  an  indication  oP  the  ;;urPace  contribution  to  the  critical  current.  Ar  i 
tr.ated  in  Figure  21  we  found  ttiat  the  irradiation  increased  i b"! 

.siu'P'ice  (•urrent.  peak  aliove  i he  background  bulk  criti'"il  cu.''ren'  'i.'  W" ' I 
•o;  the  breadtli  of  the  peak.  nince  irr-idiation  does  not.  ciianre  otiier  pr 

orties  of  the  surface  such  as  rougtiness  this  result  directly  ['roves  that,  lii.-l.-ca- 
tion  Joofis  v.eiir  ttie  ;;urface  are  more  effective  in  pinning,  tlux  t.iian  tlr'se  in  tin,’ 
milk.  'Idle  [irobable  reason  for  this  is  tiie  decrease  in  tdie  thrc;;hol  i crittvi  'U 
atid  the  increase  in  Q caused  by  the  relaxation  of  the  ela.it.ic  constr-iints  ,-n  • iie 
FLL  due  to  Uie  [iresence  of  the  nearby  surface. 

EXPERIMENTAL  I MIT,  LC  AT  ION!'.  OF  A MylPTEH  CURVE  FOR  UUMMATiON 

If  the  stimmat  i on  master  curve  in  Figure'  IT  in  to  be  giuier.'illy  u;;«'i'ul  it. 
should  be  able  to  be  a[)['l  i<'d  to  defects  other  t.han  disloc'ition  li'0['S  and  voids. 
Hence  it  is  importtint  to  check  to  see  if  ijiianti  t;iti  ve  e'xpt'ri  rnent.s  otiier  tlian  ! he 
i rradi.'it.ion  experiments  fit.  on  the  curve.  Unfort  unately  such  ex['erinents  wiiere 
both  f^^  anti  p are  well  known  are  rare.  Cue  such  ex|>eriment  is-  the  experirieni  of 
I,i['pmann,  Uchelten  and  lichm.'i  t r,  [ 8!i  ] who  me-isure  i''^^  'ind  p for  I'lrg.e  n.irml 
cii'itates  of  Mb  ,N  in  Nb . Thcii-  value  I'f  i>>  at  b = . h''  t cg.ether  with  their  e.-.'ir'.t" 
of  f^^  is  incl'ided  on  Fig.  17  'ir.  tlie  . pi'ii  tri-ing.Ie.  It,  is  evident  'h-it  tl.i.-  i i i.* 
lies  ne.'ir  the  cont.i  nuat  ion  of  the  m.-ter  c irve  as  well  :i;;  -ilnest  directly  Mn* 


- -ii- 


'•> 

line  rc['i'ftu.‘iiMii{;  the  Cl'  ‘ approxi  iti.-tt.ion  t'l  tiu-  nl;tl.i  tni-t'f.v  «'l  Ixtluinoi, . 

Tito  ti;it..'i  o t'  An  t.otiiu*  rp' ■ t*  anti  IJl  initii  t-t-  t>n  t 1 ux  piiininp,  1*^*  pt  oc  i j'i  w.iPt-.j 


i n Nb  ,-T;t  -t’. 

. f <.  .Cl 


•'i!lb.  n-'ii  .1  i ;■  it-.T'  -t.'.!-  ! r. 

fit 


jliit't  of  t,!if  Cf  line  i;i  Fir,.  C!  it;  only  to  ,!a-.:t  above  tli.-  liti.'  I-ibeilfi 
P 

-iri.n -k--i-  ainl  Br;inill  . 'I’he  U vainer,  aeterniineii  ffism  t.iieir  iiie-tnur--i;ient,;-.  fti  r.  i:-.- 


w i til  t>  = •'•.'I'xiO^  III  , 1.7-xlO  ' m .'iiui  lixiO  ni  " tire  t(  - l.-.xlO  ... 
1.8x10"'‘*’n  and  l.‘.xlO“^^iJ  r.-npecti  veLy  at  b = .8^,.  Tlie  1'^,  valn.a;  er  tii:;.-ttea  t'or 
tta-ir  ifeo  i pi  t,;it.e;-.  'ire  tibout.  10  * ' IJ  wnieii  jnitn  their  pt'int.r.  w.-ll  above  the  C ^ 
line  an.i  in  r.i’on  arreeitiotit  witii  t iie  poi.’it.;  for  the  larper  voina  tni  tt.o  iiiajter 
eurvt- . 

Finally  liiere  .-tre  .-t  n-trtiber  of  i‘Xpt'r  iinenta  cn  f J nx  pinninp  by  n i a lootitiiiiu' 
in  deformed  Iibi8h-89J.  Tneore t ieal ly  the  f^^  between  a perpendicular  dir.iocation 
and  the  FLI,  in  'iO  ^ -ibout.  t.he  inune  :u;  for  a larpe  di;.;Loc;it  ion  iooj'  wiiere-u,: 
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tiie  f vainer,  ext.  rac -.ed  l'r,.:n  the  data  ur-inc;  the  L.-ibur,ch  .-ui.-il  vr  i r.  ;tre  at  iear.t  one 

p 

-lb  -l4 

order  of  mtiftni  t luit'  iiir.ia'r  implyinr  ;i  li  ~ 10  ' - 10  •; -which  i r.  cl  .:e  to  tta  mar.t.r 


* They  .'i.l.'jo  i:ie;ir.n:-ed  ■.f‘->  by-  mearnrinr  the  me.-ni  r puai-e  .lir;  l-i-<  t-.ent.  ^n"'  of  .-i  flnx 
lino  from  nontron  d i f fi-.-n- 1.  i on  expot-ii.-n'ntr.  and  convei-tin/'  t.-  n.-.in.r  Kn  . 'j  . 

'n!C,V|  found  rood  ,-ir.t-eer.ent.  bet-..-t'en  t-lat  calcul.ated  fp  .-in  I -i'  "''.  i'ei-.-mre  t he 
<n‘->-^  me;ir.u!-ed  .-ire  rreater  fh.-in  1 f'l-  Ihir.  l-i:--'e  i -...•i.  • ■ ’•  ; .-.e.-i.- 

-wnothet- the  pi-'-.-.enje  ■ f lb.  i i A 1 ■ ti.'  .-tr.  i ■!'.>  it-  ;i  • ■.  •«  . i i-.-  i 

by  thin  oxperimetit  . .thMiti-cin  d i f f i--u- 1 i t'li  expt'i- i inent  r on  t.he  weakly  rinninr  di.'-- 
Joe.'ition  loop  rampler  would  be  very  nr.eful  in  decidinr  w-..  i i.e  lht-e.--li.dd  criterion 
it!  fulfilled. 

-I  Btir.ed  on  exta-r  iment  r cm  r.inrle  ct-y.tt  al  lib  r.-titipler.  c.'tit.ai  ni  tip.  t ; .-.k-.-ha!  e.i  : :-e- 

ci[dt.-.i*er  .1  f di-irneli'r  P and  thickner.r.  t,  Anter.berp.er  .-itid  U1  ier[  o‘.  i liav  .-I-iimoi! 

th.at  only  :i  ilfj,-  r ntiim.-i  I.  i .m  will  explain  t.he  Fj,  diffet-enc.-  near.nre  1 beiweeti  t.li.- 

ritn-iti..n  wheti  t.he  fieli  i r.  p.-it-.-illel  to  a ^ I OP-'-  li  i i-ect  i i-in  an.i  -whet,  i‘  i I'lraile; 

tc^  a < ! 1 1 '•  direct  ion,  fu.-li  a claim  ir.  in  fact  Imreii  on  a mir.c.-ilcula'  i -n  of  t’., 

» 

whicii  in  thin  n i t.na  1.  i eri  i r.  proport,  iona  1 t ..t  t.he  maximnn;  c rorr-nec  t i cma  1 art -i  .>f 

n :i  pi'll  e perpi-nd  i.-nlar  t . ■ tic.  direc'i.  n 'i-  moti.'n  ..f  'r.e  flnx  l-i'- 
iiip  t ■ cl.'  tile  averapin,’  the  ..-.are  way  t b.ey  a,-,  1 -.■i;;.-.  tin' 

■'I.  .'  !)•/;’  whei'ea.t  f.,  .-1,.  > vl,  ..  .bp-  1 ■.  nil"  r.it  i,. 

100  'ill  111  111 

in  1.08  IV  t. . ein.'e  the  .'b.;ervi-.i  I'/t  ration  are  1 c'  a linear  nurm-.a- 

ii.iic.'it,-- i by  the  renul  t.n  ef  l.-irpe  voiiir.  can  account  for  their 
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Let  u:;  fh.Ti  ue,e  Uii;'.  ex[>ef  i miTita  1 t.er  nurairtt  i < ei  .-urv.-  i > ivit -■  -h'- 

olemi'iit-.-ii-y  intemetion  foree;-.  beLweeii  t,he  FLL  .-tii-i  t.in-  ..*h<-r  i i-r-i  : i 'i  t.  i ■ : - 1 f 'iuee- i 
defect,:.: , i.e.,  e't;;e;ule;;  :uui  Krenkel  pairi;.  Krom  Ki,;.  ] 0 we  fi;.  i a i:.-.  • . -i  valu 

for  dilute  car.eadeL:  of  about  dxlO  On  the  mar.ter  eui’Ve  -ai;:  va  f .<  .•••rre 

potidr.  tti  an  f value  of  10  N.  I’or  trie  luout  dliuti*  array  1 I*;ei./.»*i  jail. 

Q = 5xl0”^^N.  If  ve  extend  tiie  master  curve  nlicliUj  “e  ru-e  mat  ttii;:  value  of 


■ 


it  is  ■liffi.-'uit  to  r.ar.e  ret.ca. 


Q coi’resporidfl  to  an  f^^  of  about  .’xlO 

estimates  for  f for  eittier  of  tne;;e  defect.;  but  one  can  make  crud.'  at'.empt:'. 

P 

For  example  one  mip,iit  eon.iiuer  tiie  ■'vbbO  atom  uej'leteil  tont,"  in  t iie  Center  ci  a 

3 MeV  cascade  to  be  an  incijdent  void  and  c.alculate  tiie  pinnin.i'  expected  f r.  iti  a 

-?6  3 

void  of  650  atoms  witti  a volume  1.0x10  m . Tiie  f^^  for  sucn  a voiu  is 
- IS 

-5x10  N wiiicli  is  wit.tiin  a factor  of  two  of  tiie  exper  imental  ly  determined  value. 
Tiie  interaction  enerpiy  due  to  the  dielastic  interaction  between  an  isolated  vorte 
and  a Frenkel  defect  iias  ti'en  estin.ated  by  Ullmaier  et  al.[T]  to  be  K = V 

wliere  is  tiie  elastic  enerp;:'  of  a Frenkel  pair  which  tiiey  set  a 5eV  .and  i 
is  the  chantte  in  Younp;'s  r.oiiulus  lietween  tiie  superconducti  np,  .'ind  normal  st.ate  in 

— /I . 

Nb  (A'i/Y  10  ).  Followinp,  tiie  metliods  outlined  at'i.'v*'  f^^  can  be  establislied 

-It 

to  be  f = k E.  ,(l-b)/2.  Usinp  Itie  numbers  for  lib  f =10  ' IJ  in  reasonable 

p o int  p 

-lb 

agreement  wiUi  tiie  value  of  PxIO  ' iJ  dotonnined  from  Q .and  tlio  master  curve. 


CONCLLIflONt; 


it  is  apparent,  tliat  IM  ux  pinning  experiments  in  irradiat  ed  superconductor;', 
have  provided  and  will  oontitiue  to  j rovide  important  clues  a.s  to  tiie  correct  I'orm 
of  summation  models.  The  .'idVint.ages  ot'  .'uch  experiments  are  tiiat  tiiey  allow  llie 
i ntroihietion  of  sine.  I.e,  we  1 1 eiiaract  eri  sed  det’ect.  speeies  tirit.  apj'roximate  point 

pinninit  cent.er;'. . Tiie  low  i it,;r.-  i rr:id  i at  i oiis  allow  the  i ntrodue  t.Lon  of 

various  numbers  of  defeet;'  -with  -i  eon.'.t'inl.  ;;  i se  di  t.r  i but,  i on  fu  l,e:'.t  the  den:'- i t y 


ii 'I'l ‘Ini' I'f  oiimiiULL Lon  wlic rt'i'u’  hi/'her  t<‘n|'<Taturt‘  ii'i’aiiintiona  rillov  *,ho  iiitio— 

■ iuctioii  uf‘  (ii[;loi.-aU(>n  loopa  rinci  voiiii;  ol'  c-ontrollod  r.iv’.e  I'tu-  whicii  can  be 

accurately  or.L  imated.  The  result.:;  to  date  indicate  tiiat  tiie  piiininp  !\  ree  density 

is  proper  t iontii  to  point  pin  derjsity  below  pin  densities  ot  ‘xlO  ;;i  an  i ’in  at 

moderate  reduced  majuictic  field  (b  = .h)  neither  the  direct  siinmiat icn  nor  tue 

statistical  theory  of  Labusch  are  satisfactory  soimnation  mo.lels.  Bather  it  has 

been  siiown  that  :in  empirie.ai  master  sumnation  cui-ve  can  be  coiistrueted  whicii  is 

p.aralleL  or  just  below  tdie  direct  sumn;ation  at  iiirli  f^^  but  decreases  apj  ro.ximaleiy 

as  f ^ at  low  f . Kxteudiiii'  this  master  curve  to  other  reiiuced  fields  and  tem- 
P 1' 

peratures  should  l;e  a hi/’’h  priority  objective  of  both  iuture  cxperiinetits  and 
theoretical  investir.ati'uu; . 
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Klf:ui'e  1 


FigiU'e  2 


Figure  3 


Figure  ^4 


Figoi’e  5 


- jr'- 

FliiURi;  CAFTlOIJii 

Brig, lit  riel-d  t,r'iiir.misuion  electron  microgruph;;  rtiowing  Uie  drni.vitic 
increuse  in  the  density,  und  deoreuse  in  size  of  Pluck  sjKtt  (ui^loci— 
tion  loop)  rudiation  dumug.e  us  the  oxyg.en  content  (in  wt.  ppm)  of 
niobium  is  i rjci’ea;;ed . 

liistograns  ol'  tiie  density  of'  dislocation  loops  of  diurneter  D as  a 
function  of  U determined  from  tiie  electron  microg,rap:is  of  Figure  1 
showing  the  change  in  tiie  size  ^iisti’ibution  of  tiie  loop'S  vitli  oxyg.en 
content . 

Global  pinning  force  density  F^^  versus  reduced  mug.netic  induction  for 
niobium  irradiateii  with  3 MeV  electi'ons  at  i-t.2K  from  I’l’j-  llie  curves 
repiresent  diffei'ent  electron  fluences  and  are  labeled  in  ternm:  of  the 
resistivity  increment  Ap  pj'oduced  by  tne  iri'adiation:  0 , Ap  = 2.6nSiCm; 
Q,  Ap  = 0-.  Ap  = lT.5uib-m;  A->  Ap  = 51uficm. 

Globtil  pinning  force  density  F^^  vs.  reduced  magnetic  induction  for 

niobium  irradiated  with  fast  neutrons  at  U.6K  from  [15]-  'I'lie  curves 

1 5 111 

represent  different  neutron  fluences:  ■,  7.1x10  nvt;  4,  2.6x10  nv'  ; 

a Q 1 Q 1 

□ , 1.2x10  nvt.;  2.6x10  nvt;  O,  'i.TxlO  nvt,. 

Globtil  force  density  F^^  vs.  reduced  magnetic  induction  for  niobium 

irr.uiiiated  with  fust  neutrons  at  room  temperature  to  a fluence  of 
10  . , 

9x10  'nvt  from  1 21 J • The  curves  represent  (ii  fferent  oxy'g.en  contents  in 
wt.  Pin;  ^ , QOH  ppm;  Q , H80  ppm;  250  ppm;  O,  10  ppm. 


l^'irure  (). 


Figure  7- 


Figiu’e  8. 


Figure  9- 


Figure  10. 


Clobul  pitiniiir,  force  deiiuity  F^^  ver::u:;  reiluced  iiiag.neU  c inductioM  lor 

riic.biwn  irradiated  with  i.9  MeV  Ni'^  ionr.  at  elevated  temiieratu-e  from 

[Fill-  Carver,  represent  differoiit  do.se;:  expre:;::ed  in  di.sfilacettentr 

I'or  atom  (Di'A),  irraiiiation  temperatures  an<i  impurit.y  contend: 

TT,  b6  UFA,  T.  = 780‘^C,  11*0  ppm  0;  A.  DI’A,  T.  = 7H0°C, 

llto  Pi'm  0;  O , yj  UFA,  T.^.^  = 800°C,  I^tO  jipm  0;  Q , 6l  DFA,  T.  = 

T8S°C;  O,  180  Di'A,  T.  = 865‘^C,  1 at  % Zr,  9T0  ppm  0. 

^ - i rr 

Global  piiiiiinf,  force  density  F versus  reduced  magnetic  induction 

22 

for  niobium  irradi.ated  with  a fast  neutr'.'n  lJuence  of  'vixlO  nvt 
(E  > 1 MeV)  from  [2[>].  Curve;:  represent  samples  irradiated  at  variou;: 
elevated  tempi'raturer. . 

Global  pinning  force  density  F^^  versus  reduced  magnetic  induction  b 

for  the  sample  in  Fig,ure  6 irradiated  at.  800*’C  to  55  DFy, . The  curves 

repi-esent  different  measui-ing  teTiifU'rature;; : 8.5K;^,  6.5K;  O,  ;.9K 

O,  h.2K;  0,  3.8K. 

The  ratio  of  the  specific  pinning  force  Q = 1"^,/ ('  fo  fho  at 

?3  -8 

p =10  m plotted  versus  p. 


The 

For 

the 

waril 

data 


specific  pinning  force  CJ  = F^yp  plotted  versus  defect  diameter  D. 
void;:  t.he  open  circles  represent  ncut.ron  irradiated  ;:ample;:  while 
clo.sed  circle's  represent  iJi  ion  ii’radiated  s, ample;:.  The  down- 
arrows  for  Fretikel  defects  and  ca;:cadcs  repi'esent  the  trend  of  the 
as  the  den.sity  of  tiiese  defects  is  increased. 


A map  of  u),  the  square  of  the  reduced  order  parametei-  for  b = .8  fi-.'m 


Fig'i—  11. 


Fif^ure  12.  A coiitoiu-  map  of  the  elementary  interaetiori  I'or  f in  arbit.'-ary 

units  between  a disloeation  loop  (or  any  defect  with  radial  synjnetry 
about  tJie  field  directioti)  as  a function  of  ‘die  coordinate  of  tlie 
center  of  the  loop.  The  crosses  j-epresent  the  ivosition  of  vorte.x 
cores.  Althour.h  only  jiart  of  tlie  luiit  cell  of  the  .'■'I.L  is  sliowri  t.he 
.symmeti’y  of  the  FIjL  can  be  used  to  obtain  tiie  lully  p^o'iodic  inter- 
action force  map. 

Figure  13.  The  m.axim;am  elementary  interaction  force  f^^  for  a liislocation  loop 
in  iJb  at  b = .55  and  T = h.2K  evaluated  at  (x  = y = O)  as 

a function  of  the  loopi  diameter  D. 


Figure  lU. 


The  ir.axiraui.n  elementary  interaction  force  f^  for  a void 
b = .55  and  T = U.2K  evaluated  at  (x  = y = O)  as 
the  void  difuncter  D. 


i.u  I.'b  at 
a function 


of 


Figure  15.  The  specific  punning  force  Q.  = ^'p/p  versus  dislocation  ioop'  diameter 
[21]  in  lib  at  b = .55  atid  T = h.2K.  Lines  representu ng;  the  direct 


summation  Q = f^^  and  the  statistical  theory  Q = Cf^  are  also  drawn 
for  comparison. 


Figiu'e  l6.  The  specific  pinning  force  Q = v-^rsus  void  di;uiieter[?)4,25 1 in 


Nb  at  b 


.55  at  T = 1*.2K.  Lines  representing  tiie  direct  sunr'.ation 


0 = f and  the  statistical  theory  Q.  = Cf  are  .also  di'awn  for  coianar  i son 
P F’ 


Figure  IT-  The  specific  p)inning  force  Q = F^/p  versus  elementary  int  cractioti  force 

f for  defects  in  FJb  at  b = .55  and  T = It.i'K.  Tlie  ojaui  I'nuare  - 

P 

sents  tlie  dislocation  loop  data[2ll,  the  open  cii'des  the  data  ti  void.a 

[25]  produced  by  neutron  iri'auiation  at.  hirji  ‘.'T.i  "rat.ur<>:i  and  t.he  ■.•L-.'ed 

+ 

ciri.vLos  the'  dat..a  on  voids  [.rodueed  by  III  b .r.t'.a!- nn-'u'  a‘  hic.n  t ei;,;  lu-a' ur 


-J.1- 


r 


[2li].  The  tri!iri('l<-  r<-i're;u‘ni;-  of  1-i  nm^-ituu  fi’hi-lloii  mi.-i  f ■ijivit,:' [ B!<  ] 

oti  lar^ie  Nb.tJ  prcc  i fi  t.at.f;-.  in  lib.  I,i  rn-a  ropr.’aotit,  i nr.  tbc  4irc.'t.  r.iun- 

mation  Q = f am)  ttie  nt.at.i  ;:t,i  c-al  tiieory  of  lHat.u;-.ot]  q = I'f  ' nr.-  arawn 

P ■ 

torother  witii  a line  ffproaenti  nr,  the-  I.abu::<-ti  r.i  .-Lt.  i r.f.  i ■••i  i th.-nry  ur.inr 

ttie  recalcnlatod  KLL  olaatic  conatants  from  .■.-b';:  ; -r'-  r and  Hran.ii.  [ dl  ] . 

Fipure  i8.  a)  i’oriodio  elpmentary  interaction  poterit-ial  iietw.-en  a .Iclect  and 

the  FLL  aa  a function  of  di::tance  x.  b)  FI eiii.-nt.a ry  interaction  I’orce 
versus  x for  tlie  potential  above.  The  slope  of  the  dashed  line  rej - 
resents  the  spring  constant  k of  the  i LL  (see  text).  All  i LI,  position:, 
are  st/ibie.  c)  Fffect  of  iiu’rea;;inr  f^^  i:;  f.h.at,  an  itistahiiity 
develops  and  only  po:;  i tions  betw(_-en  the  i nl  ei'sec  t i on  ol  the  dashed 

line  with  the  curve  {i-,inLm.,m  for.-e)  an  1 f^  a.f  - ce-di!.  . 'It..-  1 iii'--.'n'  1 i 

is  f‘xec‘.jile  a . d)  f i ■ n- 'W  w.-ll  -ii-  ve  : hr-  .'.ir  i-:  -c.ii  ' n--  i:.  i f r--- 

( i ntertte.;  t.  ion  ) is  ;ib. :-..-r  . 'ih--  i n.- --i.-.'  ol  iritnir,  uii  ! -d- 

will  n .-t  If  f.'i-  the  .-.itird'-  pi  t.'!iti-it  'w-11  a.-'  ; ; r---.-;.  ..  • reps- 

sent  the  defect-Fl,L  interaction. 

Figure  19.  Theoretical  specific  [unninr;  force  Q = ^j/t>  abc>v.'  tlu'  tnr.-sholii 

for  a sinrle  well  bavin,:  a sinrle  period  trianrular  fiu-ce  curve 

O 

(Labusch  theory),  th(>  Cf^^‘  tipproxim.-ition  to  Uiat  r---,-.u!t,  -ind  t h.' 
suimnntion  bast'd  on  f.he  periouic  potential  of  Mr.  iSa. 

Figure  20.  3imj)le  schematic  vort.ex  ;ind  shrill,:  mo.U'l  of  t,h.>  ib'format  ion  of  the 

FLL  showing  the  effect  of  wetik  sifia,’.-  (bowing,  out,  Fi,  .1  i ..  1 o.'a*  i t'tis  ) . 

Figure  21.  The  surface  contribution  to  t,li.'  critic.-il  curr.-til.  of  a ‘ -c.r  i . --i  ■ ■ 1 : ' -.i- 

prism  as  a futiction  of  t.he  angle  if)  betw.-tui  the  m.-irn.  'ic  fiel.l  and  the 
surl’ace.  The  differen:  curves  show  t.he  incr.'.-ir-e  in  thi:'-  <■.  tit  r i bu*  i ■ -n 
with  neutron  i rnidititi  on  ;it.  room  t,emper;it,ur.‘  i n-1 ; .'a  t i n.-'  Ilia*  i.-f.-c*.- 
(dislocation  loops)  tietir  t.lu-  surface  are  more  .-t’fec'ive  it.  j ititiiti,’  flax 
thati  thoiU'  iti  t.h.'  bulk. 
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